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Abstract 
Bacterial transcription initiation relies on the binding of a dissociable sigma factor to the 
catalytic RNA polymerase (RNAP) ‘core’ enzyme to enable promoter specific DNA 
recognition. While the initial σ70 RNAP-promoter DNA bound complex (termed the closed 
complex) can spontaneously isomerise to form open promoter complexes, RNAP containing 
the major variant, the σ54 factor requires activation by bacterial enhancer binding proteins 
(bEBPs) which reorganize the initial closed promoter complex to an open complex in an ATP 
consuming reaction. These bEBPs belong to the AAA+ (ATPases associated with various 
cellular activities) superfamily of proteins that form oligomeric rings (often hexamers) on 
upstream activation sequences (UAS) ~150bp upstream of the promoter. A DNA looping 
event, often mediated by integration host factor (IHF), brings the bEBP in close proximity to 
the σ54-RNAP closed complex (RPc). The interaction between σ54 (within the context of the 
RPc) and the bEBP is strictly dependent on a sequence insertion (that is common to all 
bEBPs) termed the L1 loop, which is thought to be the major structural determinant in 
energy transfer between the bEBP and σ54. The σ54 subunit is split up into three distinct 
regions (termed Regions I, II and III), where the L1 loop interacts with the mobile Region I 
and Region III forms the DNA contacts necessary for engaging with -12 and -24 consensus 
sequences on promoter DNA. 
A basic understanding of the global interactions that mediate σ54-dependent transcription 
has already been obtained, yet many specific mechanistic details remain unknown. In this 
study we elucidate three features of σ54 transcription activation: i) The interactions required 
within the bEBP complex for functional oligomerisation, ii) the mechanism that transcription 
activation determinants act and iii) the role of Region III in binding to the -12 element. 
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Chapter 1: Introduction 
RNA POLYMERASE 
The mechanism of transcription initiation has evolved to be a highly regulated adaptive 
process that is designed to transcribe the correct genetic material at the right time. In 
prokaryotes, eukaryotes and archaea this regulation acts as a means of survival when faced 
with changing environmental conditions and is responsible for orchestrating the 
development of the organism. The adaptive nature of transcription is controlled by a 
complex network of signal transduction pathways that alter the activity of proteins and 
molecules involved in gene regulation. The principal component in this process, for all three 
domains of life, is the multi-subunit DNA-dependent RNA polymerase (RNAP). RNAP  is 
formed of several subunits that co-operate with additional factors in order to carry out 
gene-specific transcription. Although, differences between archaeal, bacterial and eukaryal 
RNA polymerases exist, the catalytic core of the enzyme shows significant similarities in 
sequence, structure and function across all three domains (Lane and Darst, 2010) (See Table 
1.1). Multisubunit RNAPs differ from single-subunit forms that occur in bacteriophages and 
mitochondria, which directly recognize promoter sequences without the assistance from 
additional transcription factors (Cermakian et al., 1997; Werner and Grohmann, 2011).  
 
 
 
 
 
Table 1.1: Five generally conserved subunits that are common across multi-subunit polymerases from all 
three domains of life. Adapted from Werner and Grohmann (2011). 
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BACTERIAL TRANSCRIPTION MACHINERY 
In bacteria, the catalytic core of RNAP consists of five subunits that assemble to form a 
transcriptionally competent complex that requires the assistance of an additional 
dissociable σ-factor for promoter-directed transcript initiation. The subunit composition of 
the core enzyme is: two alpha subunits, one beta subunit, one beta prime subunit and an 
omega subunit (α2ββ’ω)(Haugen et al., 2008). Assembly of the core enzyme is shown in 
Figure 1.1. The addition of the sigma subunit to the bacterial core enzyme (to form the 
holoenzyme) allows the recognition and binding of consensus DNA sites located in promoter 
sequences, upstream of the transcription start site. The RNAP holoenzyme forms a closed 
complex (RPC) upon initial promoter DNA binding, which is transcriptionally incompetent 
because the transcription start site promoter DNA lies outside of the RNAP active site region 
and DNA binding clefts. Transcriptional competency requires the RPC to isomerize into an 
open complex (RPO) (normally via a number of intermediate steps/complexes), where the 
duplex DNA is melted and the template strand is loaded into the active channel of RNAP 
(Kontur et al., 2006). Once the RPO is formed, RNA synthesis for transcription can begin. 
 
 
 
Figure 1.1: Assembly of the E. coli core RNA polymerase. Colour coding is as follows; αi – light green, αii – 
green, β – light blue, β’ – pink, and ω – magenta. The α-subunits in this figure do not include the αCTD. 
Figure based on E.coli structural model (Opalka et al., 2010) 
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The five different subunits that form the core enzyme contain many essential motifs that 
work together to ensure that transcription can occur, the majority of which are found within 
the β and β’ subunits. Together the β and β’ subunits form the catalytic cleft of RNA 
polymerase, which catalyses the formation of mRNA transcript (Vassylyev et al., 2002). 
The alpha-Subunit 
The α-subunit, encoded by rpoA, is a 329 amino acid long protein that forms a homodimer 
in order to initiate core polymerase assembly. The αi subunit binds to β and the αii subunit 
binds to β’ (Figure 1.1)(Ebright, 2000). The α-subunit consists of two domains: the amino-
terminal domain (αNTD) and the carboxy-terminal domain (αCTD), both independently 
folded and connected by a flexible linker (Figure 1.2 a). The αNTD (residues 1-235) forms an 
interface for dimerization and an interface for β and β’ binding, whereas the smaller αCTD 
(residues 249-329) acts as a weak DNA-binding component interacting with an A/T-rich 
sequence upstream of the -35 element called the “UP element” (not present at all 
promoters)(Ebright and Busby, 1995; Estrem et al., 1999). The αCTD is also capable of 
binding non-specifically to upstream DNA in the absence of UP elements. 
The two αCTDs can interact independently with transcription factors like the cyclic AMP 
receptor protein (CRP) that bind from -40 to -100 base pairs upstream of the transcription 
starts site (Murakami et al., 1997; Tebbutt et al., 2002). Benoff et al., presented a structure 
of the catabolite activator protein (CAP) in complex with an αCTD and DNA, presenting the 
interactions necessary for transcription factor binding (Benoff et al., 2002). Substitutions of 
the αCTD revealed three determinants that were essential for Class I CAP-dependent 
promoters: the 287 (residues 285-288, 315, 317), 265 (residues 265, 294-302) and 261 
(residues 257-261) determinants of the αCTD. The 287 determinant forms contacts with 
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CAP, the 265 determinant interacts with DNA and the 261 determinant was proposed to 
form interactions with region 4 of σ70 (see Sigma70 factor sub section). The cryo-EM structure 
of the σ70 holoenzyme in complex with CAP also showed an interaction between the 261 
determinant and region 4 of σ70 (Hudson et al., 2009). Previous biochemical studies provided 
evidence that implicated surface exposed residues of σ70 region 4.2 to be partially 
responsible for forming contacts with the 261 determinant (Chen et al., 2003; Ross et al., 
2003). This, however, was not evident in a recent crystal structure of the E coli σ70 
holoenzyme, where the orientation of the αCTD was different compared to the cryo-EM 
RNAP-CAP-DNA complex (Murakami, 2013).  As the αCTD is a dynamic module of RNAP it is 
possible that this interaction maybe mediated by the presence of additional transcription 
factors. 
The Beta-Subunit 
The β-subunit, encoded by rpoB, is a 1,342 amino acid long protein that interacts with the 
β’-subunit to form the catalytic core of RNA polymerase. Within the protein are nine 
conserved segments amongst multi-subunit polymerases (A-I) that are interspersed by non-
conserved regions (Figure 1.2 a) (Puhler et al., 1989). The β-subunit is also the target of the 
antibiotic rifampicin, which acts by blocking the path of the elongating RNA strand 
(Campbell et al., 2001). Several residue swaps of the β-subunit have been shown to confer 
resistance to rifampicin (Severinov et al., 1993). 
Within the β-subunit are the β lobes and the β flap. The β flap covers the RNA exit channel 
through which the newly formed RNA strand is released from the enzyme (Geszvain et al., 
2004). The flap domain also binds to domain four of the σ70 subunit (where domain four 
binds to the -35 promoter element; see later).  The β-flap, β-lobes along with the β’-jaw and 
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the β’-clamp form the mobile modules involved in accommodating and holding the nucleic 
acids within the catalytic cleft of the complex. 
 
 
 
The Beta-prime Subunit 
The β’-subunit, encoded by rpoC, is a 1,407 amino acid long protein that contains 8 
conserved segments (A-H) within its sequence (Figure 1.2 a). It is the largest subunit and 
forms the catalytic cleft with the β subunit. It contains many motifs required for 
transcription. These include: 
Figure 1.2: Bacterial RNA polymerase subunits. a) shows the domain architecture of the subunits required to 
form the core enzyme, b) shows a model of the catalytic cleft of the core enzyme adapted from (Nudler, 
2009) and does not follow any colour coding scheme. The coiled-coil motif is not included in b) as it is not 
part of the catalytic site. 
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 The absolutely conserved “NADFDGD” motif, where the three aspartate residues 
coordinate the Mg2+ ions used in phosphodiester formation (Mustaev et al., 1997; 
Zhang et al., 1999). 
 The zipper, which forms part of the exit channel, has been implicated in forming the 
upstream boundary of the transcription bubble (Trinh et al., 2006). 
 The lid, which displaces the RNA from the RNA-DNA hybrid (Naryshkina et al., 2006). 
 The Zn2+ finger which may play a role in the initial recognition of the duplex 
promoter (Young et al., 2004). 
 The coiled-coil, which acts as an initial binding site for σ70 (Arthur et al., 2000). 
 The bridge helix, which works together with the trigger loop in the selection and 
binding of the correct NTP for RNA synthesis (Nudler, 2009). 
 The Jaw and downstream clamp, which bind to duplex DNA and act as a “DNA 
clamp” (Saecker et al., 2011). 
The β’ upstream clamp has been proposed to make DNA contacts upstream of the core 
promoter region thereby contributing in formation of the first intermediate complex (IC1). 
Saecker et al., suggested that the contact between the upstream clamp and DNA, restrains 
the movements of the jaw domain and the trigger loop (Saecker et al., 2011). 
 
The omega-Subunit 
The ω-subunit, encoded by rpoZ, is a 91 amino acid long protein that is composed of three 
domains CR1, CR2 and CR3 (Figure 1.2 a) (Minakhin et al., 2001). It wraps around the C-
terminal tail of the β’ without making contact with the active site. It is not essential for 
promoter-directed transcription but assists in the assembly of the core polymerase. 
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The Sigma Factor 
Bacterial transcription initiation relies on the binding of a dissociable sigma factor to the 
catalytic RNA polymerase core enzyme to i) enable promoter specific DNA recognition, ii) 
interact with transcription activators, and iii) nucleate DNA opening; thereby promoting the 
early stages of transcription (Gruber and Gross, 2003). In E. coli seven different types of 
sigma factor have been identified, known as: σ70, σ54, σ38, σ32, σ28, σ24 and σ18 (Wosten, 
1998). The most abundant form of sigma in the cell during exponential growth is σ70, as the 
promoters it directs core polymerase to encode the essential “housekeeping” enzymes 
involved in growth and metabolism (Gross et al., 1998).  
 Expression of alternative sigma factors is necessary to regulate metabolism when the 
microorganism faces diverse environmental conditions. This, in turn, will lead to the 
expression of genes that will generate an appropriate response to these conditions and help 
ensure cell survival.  Table 1.2 shows the functions and consensus sequences of the seven E. 
coli sigma factors. These sigma factors fall into two different families known as the σ70 
family, (which includes σ70, σ38, σ32, σ28, σ24 and σ18 (Paget and Helmann, 2003)) and the σ54 
family, of which σ54 is the only member due to differences in primary sequence, promoter 
recognition and mechanism of action (Buck et al., 2000).  
Bacteria of the genus Streptomyces are highly adaptive and found primarily in soil 
environments whilst producing many secondary metabolites. Their complex, physiological 
and morphological differentiation has resulted in an elaborate regulatory system that can 
incorporate up to 65 sigma factors (Kim et al., 2008). Cellular gene regulation by sigma 
factors has also been shown to drive processes like sporulation in Bacillus subtilis (Kroos et 
al., 1999). 
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The Sigma70 Factor 
 σ70, encoded by rpoD in E. coli, is a 613 amino acid sigma factor responsible for the majority 
of transcription initiation during logarithmic growth. The protein consists of four flexibly 
linked domains termed σ701.1 (subdomain: 1.1), σ
70
2 (subdomains: 1.2, 2.1, 2.2, 2.3 and 2.4), 
σ703 (subdomains: 3.0, 3.1 and 3.2) and σ
70
4 (subdomains: 4.1 and 4.2) (Figure 3)(Murakami 
and Darst, 2003). It binds to two hexa-nucleotide consensus sequences found approximately 
35 (-35 element) and 10 base pairs (-10 element) upstream of the transcription start site 
(+1). The amphipathic helix of subdomain 2.4 is responsible for binding of the -10 element 
whereas the -35 element is bound by the helix-turn-helix (HTH) motif within subdomain 4.2. 
The σ701.1 region is a poorly conserved acidic subdomain that has been shown to auto inhibit 
promoter recognition in the absence of core RNA polymerase by interacting with the C-
terminal end of σ704 (Dombroski et al., 1992). In the presence of core RNA polymerase, 
domain 1.1 changes conformation, releasing domain 4 and exposing the HTH of subdomain 
4.2 for DNA binding. Recently, a full structure of the σ70 holoenzyme was resolved showing 
Table 1.2 E. coli σ-factors. The genes, function and consensus sequences of the seven sigma factors that 
exist in E. coli. Y represents any pyrimidine and N represents any nucleotide. Table adapted from (Wosten, 
1998). 
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σ701.1 and the αCTD for the first time. The structure revealed that σ
70
1.1 contained a basic 
patch on its surface that was proposed to play a role in DNA interaction. The localization of 
σ701.1 was found to be within the RNAP DNA-binding channel, where disengagement from 
this site was necessary for open complex formation (Murakami, 2013). 
The interface between σ70 and core RNA polymerase is extensive, especially with domain 2 
of σ70.  Subdomains 2.1 and 2.2 within σ702 form the initial docking site for core RNA 
polymerase (via the β’ coiled-coil motif)(Arthur et al., 2000; Lesley and Burgess, 1989). 
Subdomain 2.3 is involved in DNA melting, whereby conserved aromatic residues facilitate 
strand separation by interacting with the non-template strand of the -10 element, stabilising 
the initial transcription bubble (Murakami et al., 2002). 
RNA polymerase holoenzyme containing σ70 can bind to a few promoters that lack a (or 
have a weak) -35 element due to an interaction with a supplementary sequence element 
found one base pair upstream of the -10 element termed the extended -10 element. The 
σ703 domain is composed of three α helices, of which one (Subdomain 3.0) is responsible for 
binding to the extended -10 element, thereby stabilising the open complex (Barne et al., 
1997). Subdomain 3.2 forms a loop that buries itself into part of the active channel and the 
RNA exit channel under the β flap of core RNAP. This loop sterically hinders the path of the 
exiting nascent RNA until the sigma factor dissociates (Murakami, 2002). 
The β flap tip interacts with the σ704 domain where it fits into a concave pocket coated with 
hydrophobic residues from subdomain 4.1 forming a mobile module (Vassylyev et al., 2002). 
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THE STAGES OF Sigma70-DEPENDENT TRANSCRIPTION 
Closed Promoter Complex (Figure 1.4) formation occurs when the σ70 holoenzyme binds to 
the -10 and -35 elements of a promoter. Binding of the σ704 domain binding to the -35 
element induces a bend in the DNA, thereby altering the direction of the upstream DNA 
duplex bringing it into proximity of the αCTD and promoting binding to the UP elements 
(Campbell et al., 2002). This state is termed closed due to the fully duplexed nature of the 
DNA and its inability to start transcription, since the active site channel is occupied by the 
σ701.1 domain and the σ
70
3.2 loop. In order to begin transcription the DNA must be 
remodelled/melted and the domains occluding the active site channel must be removed 
(Murakami and Darst, 2003). 
The isomerisation process involves several Intermediates. Conserved aromatic residues 
within subdomain 2.3 were proposed to melt the duplex DNA through stacking interactions 
at the -10 element (Helman and Chamberlin, 1988) but recently it has been shown that only 
Y253 participates in this way by stacking on the -11 adenine. Recently, a structural study by 
Feklistov and Darst showed that DNA melting at the -10 element was due to base-specific 
interactions, which cause the -11 adenine and -7 thymine to be flipped out of the ssDNA 
stack and retained by protein pockets of σ70 (Feklistov and Darst, 2011). W256 of region 2 
Figure 1.3: Sigma 70. The domain architecture of the E.coli σ
70
 factor and the promoter elements it recognises 
when bound to core RNAP 
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was implicated as a wedge residue that invaded the double helix and filled the space 
vacated by the flipped -11 adenine, which then stacks with Y253 within the pockets of 
region 2. Subsequent DNA helix untwisting continues downstream, supported by sugar 
backbone mediated interactions with region 2 that cause the -7 thymine to come into 
proximity of its pocket within region 2. This creates flexibility in the DNA around position -12 
causing the DNA to kink across the entry of the active site channel (Vassylyev et al., 2002). 
The σ701.1 domain assists loading of the DNA into the nucleic acid binding channel; where full 
DNA opening occurs when the template strand enters the active site cleft (Murakami et al., 
2002). 
Once the DNA melting extends past the transcription start site (+1,) to create the 
downstream fork junction, the final fully open transcription bubble in the Open Promoter 
Complex is formed. Once the -11 adenine is unstacked and flipped into specific pockets in 
σ702, DNA unwinding continues to the -7 thymine that is also flipped into σ
70
2. Melting 
continues through the promoter discriminator element (positions -6 to -4) where 
interactions occur with residues of σ701.2. Strikingly, σ
70
1.2 unstacks, flips and inserts -6 
guanine into a deep pocket, where -5 and -4 are also in the flipped state. This flipping 
mechanism and insertion into pockets acts as an effective means of DNA recognition. Core 
enzyme interacts with the transcription bubble formed and continues to interact with non-
template strand positions -4 to +2. Like σ70, residues of the β-subunit unstack and flip the +2 
guanine thus assisting σ70 in promoter unwinding and maintaining the formation of the 
transcription bubble (Zhang et al., 2012b). The template strand is within the active site and 
the β and β’ pincers clamped the downstream duplex from position +5 to +12 (Murakami et 
al., 2002). The β and β’ pincers form a claw-like structure that was shown in FRET studies to 
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remain in an open configuration in the closed promoter complex and closed in the open 
promoter complex (Chakraborty et al., 2012). The open configuration of the claw enables 
DNA to be loaded, and subsequently unwound in the active centre of RNAP during 
isomerisation. Direct interactions with DNA induce and stabilise the closure of the clamp 
thus ensuring the high stability of the open promoter complex and the elongation complex.  
NTPs required to form nascent RNA enter through the secondary channel to the active site. 
During Abortive Initiation, a transcript of a few nucleotides in length is generated to 
displace the σ703.2 loop from the active site channel. 
When the newly synthesised RNA reaches a length of 12 nucleotides it forms a RNA-DNA 
hybrid with the template strand. The β’ lid separates this hybrid and the single stranded 
nascent RNA fills the RNA exit channel under the β flap, displacing the σ703.2 loop, thereby 
signalling the End of Abortive Initiation (Murakami and Darst, 2003). 
The last stage of transcription initiation is Promoter Clearance. The displacement of the 
σ703.2 from the active site channel by the abortive transcript helps destabilise the interaction 
between the β flap and the σ704 domain. The release of the σ
70
4 domain breaks the 
interaction with the -35 element freeing core RNAP from the promoter and enabling it to 
move downstream whilst elongating the RNA. This forms the Transcription Elongation 
Complex. 
A single molecule study described how approximately 70-90% of early elongation complexes 
retains σ70 and that a further ~50-60% of mature elongation complexes also consisted of the 
σ70 factor. The presence of a determinant for sequence-specific σ70-DNA interactions (“-10-
like element”) of the lacUV5 sequence increased the half-life of the retention of σ70 in early  
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Figure 1.4: The stages of σ
70
-dependent transcription initiation. A) Closed promoter complex. The σ
70
1.1 domain and the σ
70
3.2 loop 
occupy the active site channel, which is the location of the Mg
2+
ion. σ
70
4 interacts with the β flap and the -35 element. σ
70
2 interacts with 
the -10 element. B) Intermediate step. Aromatic residues, W, Y and F of σ
70
2.3 important for DNA melting help stabilise the initial 
transcription bubble. Downstream DNA bends across the entrance of the active-site channel with the simultaneous exit of the σ
70
1.1 
domain. C) Open promoter complex and abortive initiation. DNA melting extends past +1 to form the final transcription bubble. β and 
β’ pincers clamp on the downstream duplex DNA. NTPs enter through the secondary channel to the active site for RNA synthesis. 
Abortive product is synthesised. D) End of abortive initiation. The σ
70
3.2 loop is displaced by elongating RNA that passes under the β flap. 
E) Promoter clearance. The displacement of σ
70
3.2 helps destabilise σ
70
4 and the -35 element. RNAP is freed of σ
70
 and forms the F) 
Transcription elongation complex. Figure adapted from (Murakami and Darst, 2003). Catalytic site (purple/pink), σ
70
 (yellow), template 
strand (green), non-template strand (white), RNA (red), β flap (blue). 
a b 
c d 
e f 
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elongation complexes. This determinant, however, had no appreciable effect on σ70 
retention in mature elongation complexes (Kapanidis et al., 2005). 
The Sigma54 Factor 
 σ54, the only member of the σ54 family occurs in approximately 60% of all sequenced 
bacterial genomes (Wigneshweraraj et al., 2008). It bears no obvious sequence similarity to 
σ70 yet both σ factors interact with overlapping surfaces of core RNAP and unlike the σ70 
closed complex, which can spontaneously isomerise into an open complex, the σ54 closed 
complex has the following properties:  
 It can be recreated in solution from purified components (Cannon et al., 1997)  
 It binds to consensus sequences that are located 12 (GC element) and 24 (GG 
element) base pairs upstream of the transcription start site (+1) (Barrios et al., 1999) 
 It requires an activator protein (known as the Enhancer Binding Protein) to form the 
open complex (Morett and Buck, 1989; Popham et al., 1989; Sasse-Dwight and 
Gralla, 1988; Wang et al., 1992)  
E. coli σ54, encoded by rpoN, is a 477 amino acid long protein that was first identified due to 
its role in nitrogen metabolism (also known as σN)(Merrick, 1993). This protein consists of 
three conserved regions (Figure 5)(Buck et al., 2000; Merrick, 1993).  
The first 56 amino acids of σ54 make up Region I, which has been shown to be involved in 
interactions with bacterial Enhancer Binding Proteins (bEBPs)(Bordes et al., 2004; Bordes et 
al., 2003; Syed and Gralla, 1998), the -12 (“GC element”) promoter sequence and core 
RNAP. As such, it is involved in maintaining stable closed complexes (Cannon et al., 2001; 
Cannon et al., 1999) and the transition to the open complex (Cannon et al., 2001), whilst 
also helping maintain the RPo (Gallegos et al., 1999).  
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Region II is a highly acidic domain that varies in length and sequence composition with an as 
yet unidentified function – which may explain its absence in σ54 factors from some 
organisms (such as Aquifex aeolicus)(Buck et al., 2000). Otherwise it is responsible for linking 
region I to region III. 
 
 
 
 
Region III contains the major RNAP binding determinants (that act as the major interface for 
core RNAP binding), a DNA interacting region, a putative HTH and the C-terminal RpoN box 
(a characteristic feature of all σ54 factors), which binds to the -24 promoter site (Merrick, 
1993). An NMR structure of a fragment of Region III (residues 69-198) from A. aeolicus 
revealed a structure of two subdomains held together by a conserved hydrophobic interface 
(Hong et al., 2009). The first N-terminal subdomain (residues 120-215 in E. coli) consisted of 
Figure 1.5: The regions of σ
54
, including existing NMR structures of fragments of Region III from A. aeolicus  
(Doucleff et al., 2007; Hong et al., 2009). Region I interacts with EBPs, whereas the variable domain Region II 
has little functional significance other than to connect Region I to Region III. The N-terminal end of Region III 
is responsible for Core polymerase interactions and the C-terminal end is involved in DNA interactions 
including the crosslinked DNA motif (Cannon et al., 1994), the putative Helix turn helix (Merrick and 
Chambers, 1992) and the RpoN box (Taylor et al., 1996). The σ
54
 domain organization figure was adapted 
from (Bose et al., 2008) 
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a four helical bundle, whose negative surface was implicated in strong core enzyme 
interactions; whereas the second C-terminal subdomain consists of a strongly positive patch 
that could contact DNA. The putative helix turn helix within σ54 Region III was shown to 
interact with the -13 promoter region (Merrick and Chambers, 1992) whereas the RpoN box 
was shown to interact with the -24 region (Doucleff et al., 2007).  The RpoN box is a 
conserved DNA binding motif and is located at the C-terminal end of σ54 Region III, where 
mutations in the consensus sequence (ARRTVAKYRE) result in impaired binding to DNA 
(Wang and Gralla, 2001). The NMR structure of the C-terminal portion of σ54 Region III 
revealed a helix-turn-helix structure that inserted the RpoN box into the major groove of the 
DNA of the -24 region; this structure also provided insights into the way σ54 would sit on the 
promoter (Doucleff et al., 2007). 
When the σ54 holoenzyme binds to a promoter, a transient fork-junction is formed at the -12 
site. σ54 binds strongly to this junction causing an energy barrier that inhibits spontaneous 
isomerisation. To overcome such a barrier, the energy derived from a conserved ATPase is 
required. 
The AAA+ Protein Family 
In any organism a large part of the proteome is attributed to proteins that bind or hydrolyse 
nucleoside triphosphates (NTPs) and there are none more abundant or diverse as the 
Phosphate binding loop (P-loop) NTPases (Vetter and Wittinghofer, 1999). The P-loop 
NTPases are a monophyletic group of protein domains that emanated at an early point of 
the evolution of life tracing back to the last universal common ancestor (LUCA), which 
encoded multiple P-loop NTPases (Doolittle et al., 1996; Leipe et al., 2002; Miyamoto and 
Fitch, 1996). The P-loop NTPases typically hydrolyse the β-γ phosphate of a bound NTP and 
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are, at the sequence level, generally characterised by two strongly conserved motifs termed 
the Walker A and Walker B motifs. The Walker A motif (or P-loop) is the best-known and 
earliest motif related to NTP binding and is located between an α-helix and a β-sheet 
adopting the sequence pattern GxxxxGK (T/S) (where x represents any residue). The 
conserved glycine residues are key structural elements that confer flexibility, thus allowing 
the motif to assume a loop structure, whereas the conserved serine or threonine is thought 
to directly or indirectly coordinate a Mg2+ cation, which in turn stabilises the β and γ 
phosphate of the NTP. The conserved lysine has been implicated in neutralising the charge 
of the β-γ bridge oxygen atom and its mutation typically results in the elimination of 
nucleotide binding and inactivates the protein (Babst et al., 1998; Delbaere et al., 2004; 
Matveeva et al., 1997; Walker et al., 1982).  The Walker B motif is characterised by a highly 
conserved aspartate located at the C-terminus of a hydrophobic chain. The aspartate forms 
a bond with the Mg2+ cation in cooperation with the threonine/serine residue of Walker A, 
which contributes to the coordination of the β and γ phosphate moieties of the NTP. A 
hydrogen bond is also present between the Walker B aspartate and the threonine/serine of 
Walker A, securing the positioning of the two phosphate binding motifs (Walker et al., 
1982). 
Further analysis by Aravind and colleagues of the P-loop NTPases revealed that the P-loop 
kinases are structurally most similar to the GTPases due to the positioning of the Walker A 
and Walker B motifs. These two groups were thus jointly classified as the KG group (Kinase-
GTPase group). Aravind and colleagues went on to describe the remaining proteins of the P-
loop NTPases based upon two characteristics (Figure 1.6). 
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Figure 1.6: P-loop NTPase Classification is divided into the Kinase-GTPase group and the ASCE group based upon the topology (arrow symbolizes β-sheet and spiral column represents α-helix) and 
the addition of a conserved Glu in the Walker B. The ASCE fold is conserved across the RecA-like, ATP Binding Cassette (ABC) and AAA+ proteins but are distinguished by inserts (orange domains); 
the C-terminal helical bundle of the AAA+ topology contains the conserved Arg of Sensor II and a conserved Asn of Sensor I after the 4
th
 β-sheet. The AAA+ family is divided into the Basic and the 
PS-I superclade where a β hairpin (purple) is located before Sensor I distinguishes these superclades. Further inserts define the seven clades of the AAA+ superfamily. Structures representative of 
each clade are RFC-B (1SXJ) (Bowman et al., 2004), DnaA (1L8Q) (Erzberger et al., 2002), p97-D2 (1R7R) (Huyton et al., 2003), SV40 (1SVM) (Gai et al., 2004), ClpA-CTD (1KSF) (Guo et al., 2002), NtrC 
(1NY5) (Lee et al., 2003), BchI (1G8P) (Fodje et al., 2001). Kinase, Trafac and Simibi GTPases were based off of the crystal structures of 4TMK, 1EFT and 2NG1 respectively (Freymann et al., 1999; 
Kjeldgaard et al., 1993; Lavie et al., 1998) 
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The first characteristic was an additional strand between the Walker A and Walker B strands 
(Leipe et al., 2002; Murzin et al., 1995; Teplyakov et al., 2002) and the second is based upon the 
presence of a conserved catalytic glutamate that primes a water molecule for nucleophilic 
attack on the γ phosphate moiety of ATP (Herbig et al., 1999; Hung et al., 1998; Sawaya et al., 
1999; Subramanya et al., 1996). As a result this group of P-loop NTPases was classified as the 
ASCE class (for additional strand, catalytic E) with a Walker B motif whose consensus sequence 
is hhhhDE (where h represents any hydrophobic residue) (Iyer et al., 2004; Leipe et al., 2002; 
2003). 
The basic topology of all ASCE ATPases consists of an ATP binding pocket located at the tip of a 
compact αβα fold and a conserved arginine residue termed the arginine finger (R-finger) whose 
location can vary based on ASCE subfamilies (Gomis-Rüth et al., 2001; Lenzen et al., 1998). 
Protein superfamilies that contain this ASCE configuration function as oligomeric assemblies 
(typically hexamers), allowing in trans residues from adjacent subunits to contribute to fully 
forming a nucleotide binding pocket. The most prolific groups of the ASCE class are the AAA+ 
(ATPases associated with diverse cellular activities), ABC (ATP binding cassette), RecA/F1/F0 
and PilT/VirD4 superfamilies that are characterised by the presence of additional inserts within 
the core ASCE fold (Figure 1.6)(Leipe et al., 2003). 
The AAA+ superfamily of proteins is characterised by a number of features but the most 
prominent is the presence of an additional C-terminal helical bundle to the ASCE fold. The 
other distinguishing features of this family include a defined location for the R-finger termed 
the second region of homology (SRH) and two nucleotide interaction motifs termed the sensor-
I (S-I) and sensor-II (S-II) (Beyer, 1997; Guenther et al., 1997; Neuwald et al., 1999). 
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The S-I motif is typically an asparagine residue that occurs at the top of the 4th β-sheet and is 
thought to interact with the glutamate of the Walker-B motif (Guenther et al., 1997; Singleton 
et al., 2000). S-II is characterised by the presence of a conserved arginine at the base of the 7th 
α-helix and interacts with the γ phosphate moiety of ATP (Bowers et al., 2004; Hanson and 
Whiteheart, 2005; Liu et al., 2000; Ogura et al., 2004; Zhu et al., 2008).  
The AAA+ family was broken down by Iyer et al into a further set of groups based upon the 
insertion of specific structural elements resulting in the identification of seven separate 
“clades” (Iyer et al., 2004). The basic AAA+ clades (clades 1, 2 and 3) show few structural 
changes with the clamp loader clade, (clade 1, which includes the Replication Factor C proteins) 
possessing no unique features and the Initiator and Classic clade (clades 2 and 3 respectively) 
both defined by an insert before the 2nd α-helix of the AAA+ domain (Reviewed in (Erzberger 
and Berger, 2006)). The remaining 4 clades of the AAA+ family come under a superclade  
defined by the presence of a Pre-sensor I insertion that share a characteristic β-hairpin 
between the 3rd α-helix and the 4th β-sheet  (Iyer et al., 2004). The HCLR (HslU, ClpAB-CTD, 
LonAB, RuvB) clade (clade 5) is the central group of the PS-I (or PACTT (proteases, chelatases, 
transcriptional activators and transport proteins (Wendler et al., 2012)))   superclade as its only 
defining feature from clade 1 is the PS-I insertion (Leipe et al., 2003). The Superfamily III 
helicase clade (clade 4), however, adopts an unusual N-terminal and C-terminal helical bundle 
and like some proteins of the Classic clade (clade 3) lack the conserved arginine at the base of 
the 7th α-helix that characterises the Sensor-II motif (Gai et al., 2004; James et al., 2003; Ogura 
et al., 2004; Sanders et al., 2007). Clade 6 was originally described as the final clade within the 
PS-I superclade by Iyer et al due to a β-hairpin insertion in the 2nd α-helix (Iyer et al., 2004). 
Erzberger and Berger, however, went on to break this clade down into two due to 
organizational distinctions between the NtrC and BchI Mg2+ chelatase structures (Erzberger and 
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Berger, 2006; Fodje et al., 2001; Lee et al., 2003). Their reasoning was largely attributed to the 
displaced configuration of the C-terminal helical bundle of BchI that, along with the helical 
insert that causes this configuration, makes extensive hydrophobic contacts with the ASCE 
core. This clade was defined as the pre-sensor II insert clade, which includes the MCM family, 
MoxR family and Chelatase/YifB family (Fodje et al., 2001; Jenkinson and Chong, 2006; Wong 
and Houry, 2012). The H2 insert clade (clade 6) is characterised by a β-hairpin in the 2nd α-helix 
and a C-terminal α-helical bundle that is similar in organization to clades 1, 2, 3 and 5. The two 
major families of this clade are the McrB family and the NtrC family (bacterial Enhancer Binding 
Protein). The McrB family is a group of endonucleases that differ from the other AAA+ proteins 
in that they hydrolyse GTP opposed to ATP (Panne et al., 2001; Pieper et al., 1999).Where 
proteins of the McrB family occur in animals and bacteria, the NtrC family is purely restricted to 
the latter where it co-occurs with its substrate σ54 and referred to as the bacterial enhancer 
binding proteins (bEBPs) (Morett and Segovia, 1993).  
Bacterial Enhancer Binding Proteins 
Most bEBPs possess a three domain architecture, consisting of an N-terminal regulatory 
domain that perceives signals and regulates activity, a central AAA+ catalytic domain 
responsible for contacting σ54 and ATP hydrolysis and lastly a C-terminal helix-turn-helix DNA 
binding domain (Berger et al., 1995; Jovanovic et al., 1999; Pelton et al., 1999; Schumacher et 
al., 2004; Studholme and Dixon, 2003; Wikström et al., 2001; Xu et al., 2004) (Figure 1.7 A). 
Not all bEBPs possess an N-terminal regulatory domain and those that do, are not homologous 
to one another. Accordingly, characterised bEBPs have been categorised into five groups based 
on the occurrence of the three domains and the nature of the regulatory domain 
(Wigneshweraraj et al., 2005) (Figure 1.7 A). 
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The majority of Group I bEBPs belong to the commonly found two-component systems and 
possess a receiver domain regulated by phosphorylation (Stock et al., 2000). Phosphorylation of 
the NtrC receiver domain by NtrB results in the promotion of oligomerisation by revealing a 
hydrophobic patch that interacts with the N-terminal region of the AAA+ domain (De Carlo et 
al., 2006; Reitzer, 2003). Conversely, phosphorylation of the NtrC1 and DctD receiver domains 
relieves the AAA+ domain from repression and allows the protein to oligomerise from an 
inactive dimer to a hydrolysis competent oligomer (Batchelor et al., 2008; De Carlo et al., 2006; 
Meyer et al., 2001). 
The regulation of Group II bEBPs is facilitated by the binding of small effector molecules. DmpR 
and XylR are activated by the binding of aromatic compounds to a vinyl (4) reductase domain 
(Pérez-Martín and De Lorenzo, 1995; Shingler and Pavel, 1995; Taylor et al., 1996). TyrR 
employs a PAS and an ACT domain for regulation by aromatic amino acids (Studholme and 
Dixon, 2003). Another regulatory domain found in bEBPs is the GAF (cGMP-specific and –
stimulated phosphodiesterases, Anabaena adenylate cyclases and E. coli FhlA) domain and is 
the defining characteristic of Group III (Wigneshweraraj et al., 2005). 
Some bEBPs (Group IV), however, lack the regulatory domains and are controlled by trans-
acting factors such as PspA (the negative regulator of, the bEBP, PspF) or HrpV (the negative 
regulator of the co-dependent bEBP complex, HrpRS) (Brissette et al., 1991; Elderkin et al., 
2002). 
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The central catalytic domain has been divided into seven conserved regions (C1-C7) that 
contain both AAA+ and bEBP specific motifs (Morett and Segovia, 1993; Osuna et al., 1997). 
Figure 1.7: Domain architecture of bEBPs. A) The grouping of bEBP types as adapted from (Wigneshweraraj et 
al., 2005). B) The AAA+ domain contains seven highly conserved regions amongst bEBPs that include Walker A 
(ATP binding), Walker B (ATP hydrolysis), Loop 1 (containing the σ
54 
interacting GAFTGA motif), Sensor I, 
Sensor II (ATP dependent oligomerisation), the Asn of the glutamate switch and the trans-acting R fingers. 
Loop 2 does not occur within these conserved regions but is the β-hairpin that makes bEBPs a member of the 
Pre-Sensor I superclade. Figure B was adapted from (Bush and Dixon, 2012). 
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The insertion of two surface exposed loops define this AAA+ protein as a clade 6 protein but 
the highly conserved GAFTGA motif within the first loop (L1) defines it as a bEBP (within region 
C3). The GAFTGA motif is located at the tip of the flexible L1 loop, where the threonine residue 
of this motif has been shown to be a major contact determinant with σ54 RI when the bEBP 
binds to ATP (Bordes et al., 2003; 2004; Chaney et al., 2001; Dago et al., 2007). The second loop 
(L2), located between C5 and C6 is thought to coordinate the movement of L1 via a salt bridge 
(Burrows et al., 2009; Rappas et al., 2005; 2006).  
The C-terminal DNA binding domain (comprised of a HTH motif) directs the binding of the bEBP 
to upstream activator sequences (UAS) located approximately 80 to 150 base pairs upstream of 
the transcription start site (Schumacher et al., 2004; Xu and Hoover, 2001). The DNA binding 
domains of NorR, NtrC and XylR have been shown to help facilitate oligomerisation when 
bound to DNA and stabilise the oligomer in the case of NtrC (Austin and Dixon, 1992; De Carlo 
et al., 2006; Pérez-Martín and De Lorenzo, 1996; Rombel et al., 1998; Tucker et al., 2010). 
Sigma54-DEPENDENT TRANSCRIPTION INITIATION 
In bacteria, the initiation of transcription is a multi-step process that involves σ factor-directed 
binding of RNAP to specific promoters and the formation of a closed complex that either 
dissociates or proceeds towards an isomerised open complex (Browning and Busby, 2004; 
Wigneshweraraj et al., 2008). Although the σ70 RPc decays quickly, it is still capable of 
isomerising into RPo independently of an activator. In contrast, σ54 contact with DNA imposes a 
kinetically and thermodynamically large energy barrier to open complex formation, thus 
requiring the aid of an activator in the form of a bEBP that utilises the energy derived from ATP 
hydrolysis to overcome this barrier (Morett and Buck, 1989; Popham et al., 1989; Sasse-Dwight 
and Gralla, 1988; Schumacher et al., 2004; Xu and Hoover, 2001; Zhang et al., 2002). 
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The σ54 holoenzyme binds to the conserved -12 “GC” and -24 “GG” elements to form a stable 
closed promoter complex. The spacing between these two elements has been shown to be 
critical to σ54 transcriptional activation, whereby a single nucleotide deletion was sufficient to 
Figure 1.8: σ
54
-holoenzyme activation. A) σ
54
 bound to core enzyme binds to -12 and -24 promoter sites forming a 
closed promoter complex due to a transient fork junction at the -12 site. B) A bEBP binds to an Upstream Activation 
Sequence approximately 150 base pairs away from the promoter. C) A DNA looping event facilitated by the 
Integration Host Factor allows the DNA bound bEBP complex to make contacts with σ
54
. D) Energy derived from the 
ATPase activity of the bEBP is used to remodel the closed promoter complex into an activated promoter complex. 
Adapted from Joly et al., (2010) 
A 
B 
C 
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diminish promoter function, thus demonstrating the importance of the one helical turn that 
forms the spacer (Buck, 1986).  
The binding of the σ54 holoenzyme to these elements results in the formation of a transient 
fork junction at the -12 element acting as an energy barrier to spontaneous isomerisation (Guo 
et al., 2000; 1999; Morris et al., 1994)  (Figure 1.8a). Upstream of the promoter, inactive bEBP 
dimers are recruited to the UAS in order to promote higher order oligomers (Figure 1.8b). The 
bEBP-UAS complex is brought into close proximity with the σ54 closed complex by a DNA 
looping event (Cannon et al., 1995; Huo et al., 2005)  (Figure 1.8c). This event is often mediated 
by the heterodimeric integration host factor (IHF) which binds to the DNA in between the UAS 
and the -24 element, bending the DNA by as much as 160° (Hoover et al., 1990). This allows L1 
of the bEBP to directly interact with Region I of σ54 at the -12 fork junction forming the RNA 
polymerase intermediate complex (RPi) (Figure 1.8c). The use of ADP-AlFx (a nucleotide 
analogue) has allowed researchers to “trap” stable RPi transcription complexes revealing 
insights into bEBP complex engagement to σ54 and DNA (Chaney et al., 2001). Additionally ADP-
BeFx and ATPγS are nucleotide analogues that are used to trap the complex in the ATP ground 
state. 
Energy derived from the ATPase is transferred and used to remodel the promoter complex 
(Figure 1.8). This remodelled complex is then able to melt and load the promoter DNA into the 
active site channel of RNAP so that transcription can begin (Wigneshweraraj et al., 2008).  
The Psp Regulon as a Model of Sigma54-Dependent Transcription 
The Phage Shock Protein (Psp) response was discovered in a study on phage f1 infection in 
E.coli, where pIV, a secretin involved in the infection process, induced the expression of a 
protein that was termed PspA (Brissette et al., 1991). The gene encoding PspA is part of an 
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operon called pspABCDE, which forms a regulon with two other genes, pspF and pspG (both 
under the control of separate promoters) (Jovanovic et al., 1996). Transcription of pspABCDE 
and pspG are σ54-dependent. Activation of transcription at the pspA and pspG promoters is 
mediated by the bEBP PspF. The expression of PspF is σ70 dependent and negatively regulated 
by PspF.  
PspA is a negative regulator of PspF activity, where 6 molecules of PspA interact with (and 
inhibit) the PspF hexamer (Figure 1.9a). It is also an effector of the Psp response by forming a 
ring-like 36-mer complex that “seals/repairs” any membrane damage by an unknown 
mechanism, avoiding proton leakage (Figure 1.9b) (Darwin, 2005; Joly et al., 2010). PspB and 
PspC are membrane-bound proteins that negatively regulate PspA. The roles of PspD, PspE and 
PspG are distinct from those of PspA and PspF as they do not have a major influence in 
transcriptional regulation within this system (Jovanovic et al., 2006). 
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Figure 1.9: The Phage shock protein response. A) Under stress-free conditions PspA inhibits the activity of the PspF hexamer 
by binding six individual subunits to one PspF hexamer. This can occur whilst bound to the inner membrane via PspB and 
PspC or in the cytosol. PspF can still contact σ
54
 whilst bound to PspA but is unable to hydrolyse ATP. B) During the stress 
response PspA forms a 36-mer ring-like complex to occlude any inner membrane damage thus avoiding proton leakage and 
releases PspF to activate transcription of the psp operon. 
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Phage shock protein F  
PspF is an extensively characterised bEBP (reviewed in (Joly et al., 2010)). Like HrpR and HrpS it 
lacks a regulatory domain but is controlled by the trans-acting factor PspA. In vitro 
characterisation of PspF has been carried out using a truncated form that lacks the C-terminal 
DNA binding domain (PspF1-275). The isolated AAA+ domain of PspF is capable of activating σ
54 
both in vivo and in vitro. 
Oligomerisation of PspF into a hexamer is necessary to form the functional ATPase sites located 
at the interface between subunits (Joly and Buck, 2010). This allows for the communication of 
cis and trans-acting residues involved in binding and hydrolysis of ATP and the interaction with 
σ54. If the hexamer assembled as a planar ring then this would result in the formation of six ATP 
binding sites, which raises the question as to how many sites are occupied and which sites are 
hydrolysing ATP. Determining the nature of the ATPase cycle of PspF is required for a deeper 
understanding of how this protein complex interacts with its substrate, σ54. The 
characterisation of other AAA+ proteins has helped provide some insights into how the PspF 
hexameric complex functions. Evidence suggests that there are four types of ATPase cycle 
utilised by AAA+ proteins (Figure 1.10)(Martin et al., 2005; Ogura and Wilkinson, 2001). The 
stochastic ATPase cycle is employed by the protease ClpX, which functions in a probabilistic 
manner rather than using a strict geometric progression across subunits of the hexamer 
(Martin et al., 2005). Recently, using covalently tethered hexamer variants of ClpX, it has been 
determined that ATP binding drives a set of staged allosteric changes across the hexamer that 
set the conformation of the ring to allow for hydrolysis and subsequent mechanical steps 
(Stinson et al., 2013). 
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The synchronised/concerted ATPase cycle specifies that all the subunits of the hexamer are 
occupied with ATP and hydrolyse nucleotide at the same time (used by SV40-LTag (Gai et al., 
2004)). In the rotational model, only three subunits are active and always occupied by a 
different nucleotide form, which is used by proteins like the F1-ATPase and HslU (Bochtler et 
al., 2000; Boyer, 1997). The final model is the sequential ATPase cycle, where all ATP sites are 
active and opposite subunits are occupied by the same nucleotide form at a given time (used 
by P4 packaging ATPase and T7 gp4 (Mancini et al., 2004; Singleton et al., 2000)). 
Figure 1.10: The four modes of ATPase cycle in AAA+ complexes. Nucleotide occupancy occurs in three cycles ATP-
bound, ADP-bound and apo (no ATP bound) for individual subunits. Figure adapted from Joly et al.,(2010) 
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PspF was shown to be simultaneously occupied by both ATP and ADP but the findings did not 
clarify how many or in what order the subunits were occupied (Joly et al., 2006). This 
heterogeneous nucleotide occupancy suggests that PspF may either undergo a rotational or 
sequential ATPase cycle.The use of the ATP hydrolysis state analogue, ADP-AlF was used in 
Cryo-EM studies to capture the PspF oligomeric ring in complex with Eσ54. A low resolution 
structure revealed a connecting density between the PspF oligomer and σ54, which suggests 
that at least two L1s may be contacting σ54 (Bose et al., 2008). More recently, UV-photo 
crosslinking experiments using the light reactive amino acid analogue pBpa has shown that 
there are in fact two L1 contacts that occur with σ54 Region I and an additional interaction with 
the -29 region of promoter DNA (Zhang et al., 2012a). 
AAA+ motifs of PspF 
The conserved AAA+ elements of PspF act in a coordinated manner to achieve ATP binding and 
hydrolysis (Figure 1.11). This includes the cis and trans-acting residues that constitute the 
Walker motifs and the R-fingers respectively. 
The Walker A motif has a consensus sequence GxxxxGK (T/S). The conserved lysine of this motif 
K42 forms an ionic interaction with the oxygen atom that bridges the β and γ phosphate moiety 
of ATP. Like other P-loop NTPases, substitution of K42 with an alanine resulted in a complete 
loss of ATPase activity and impaired nucleotide binding with the additional defect of not being 
able to oligomerise beyond a dimer (Matveeva et al., 1997; Schumacher et al., 2004; Walker et 
al., 1982).  
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Figure 1.11: PspF and residues of interest A) A cryo-EM reconstruction of Eσ
54
 bound to a hexameric ring-like complex of PspF1-275 
reveals a connecting density that could engage loops from at most three subunits. The PspF density is coloured in orange, σ
54
 densities 
are coloured in yellow and the core enzyme density is coloured blue. (Bose et al 2008). B) An in silico construction of the PspF hexamer 
using the crystal structure of the ATP-bound monomer (2C96). C) Monomeric crystal structures of the ATP- (green) and ADP-bound 
(red) structures of PspF1-275 (2C96 and 2C98, respectively). Loop 1 is flexible and was therefore unable to be captured via X-ray 
crystallography. A dotted line illustrates its proposed position. K42 of Walker A, E108 of Walker B, T148 of Sensor I, the R-finger R168 
and R227 of Sensor II (Schumacher et al 2004) are illustrated in stick format and coloured. The overlaid structure of the ATP- and ADP-
bound structures illustrates the movements of these residues within these two states where E108 moves from interacting with N64 to 
T148 via a water molecule. 
 
51 
 
The conserved threonine/serine at the end of the Walker A consensus sequence is responsible 
for directly or indirectly coordinating the Mg2+ cation but in some cases is represented as an 
aspartate or glycine in P-loop NTPases (Leipe et al., 2003). In PspF and many other bEBPs it is a 
glutamate residue (E43 in PspF) (Ogura and Wilkinson, 2001; Zhang and Wigley, 2008). 
The consensus Walker B sequence of all proteins of the ASCE family is hhhhDE (where h 
represents any hydrophobic residue) and is critical for hydrolysis. The aspartate residue (D107 
in PspF) co-operates with E43 in coordinating the Mg2+ cation, while the glutamate residue 
(E108 in PspF) primes a water molecule for nucleophilic attack on the γ phosphate moiety of 
ATP (Walker et al 1982; Patel and Latterich 1998; Subramanya et al., 1996; Hung et al., 1998; 
Herbig et al., 1999; Sawaya et al., 1999; Zhang and Wigley 2008). All D107 and E108 
substitutions in PspF had decreased ATPase activity and increased ATP binding with all but 
E108D forming constitutive hexamers (Joly et al., 2007; Schumacher et al., 2004). 
The R-finger is a conserved arginine residue that acts in trans from an adjacent subunit to 
neutralise the accumulating negative charge of the ATP transition state, thus aiding catalytic 
residues in hydrolysis (Augustin et al., 2009; Greenleaf et al., 2008; Ogura et al., 2008). In PspF 
there are two putative R-fingers (R162 and R168) that lie within the second region of homology 
(a highly conserved region within AAA+ proteins) but their precise roles have been unclear until 
recently (Schumacher et al., 2004; 2006). Joly et al, showed that both R162 and R168 both 
cooperate with D164 to form the R-hand motif, which forms a number of major electrostatic 
and water mediated interactions at the catalytic site under both the ATP- and ADP-bound 
states (Joly et al., 2012). R162 was proposed to have the characteristics of the R-finger 
(neutralising the negative charge of the ATP transition state) as R162K was the only R-hand 
mutant capable of remodelling RPc to RPo.  
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The Sensor I (S-I) motif is typically an asparagine residue that occurs at the top of the 4th β-
sheet and is thought to interact with the glutamate of the Walker-B motif (Guenther et al., 
1997; Singleton et al., 2000). In PspF, however, the polar residues T148 and N149 are both 
suggested to be involved, where T148 interacts with E108 in the ADP-bound crystal structure 
via a water molecule but not in the ATP bound structure. The alanine substitution of T148 
abolished the ability of PspF to form RPo, whereas the same substitution of N149 resulted only 
in a modest reduction (Schumacher et al., 2007).  
The Sensor II (S-II) motif is characterised by the presence of a conserved arginine (R227) at the 
base of the 7th α-helix and interacts with the γ phosphate moiety of ATP (Bowers et al., 2004; 
Hanson and Whiteheart, 2005; Liu et al., 2000; Ogura et al., 2004; Zhu et al., 2008). The sensing 
of the γ phosphate by R227 is thought to translate into conformational changes between the 
ASCE core and the C-terminal helical bundle, which is further amplified at the level of the 
hexamer (Ogura and Wilkinson 2001). The alanine substitution of R227 in PspF was impaired in 
its ability to hydrolyse ATP and was incapable of isomerising the σ54 holoenzyme promoter 
complex into an open complex (Rappas et al., 2006).  
Self-association of PspF 
The oligomeric state of PspF is of critical importance to its function as it is essential for ATPase 
site formation between protomers (Joly et al 2006). The ATPase activity of the AAA+ domain of 
PspF (residues 1-275) is not linearly, but sigmoidally dependent on the protein concentration, 
strongly suggesting cooperation between subunits for catalytic activity. PspF has been shown 
to oligomerise in a concentration dependent manner, where the hexameric form is more 
apparent at higher concentrations in vitro (20µM is a dimer, 70µM is a hexamer). Hexamer 
formation is also promoted by the presence of ATP and ADP (even at a concentration of 20µM) 
(Schumacher et al 2004; Joly et al 2006), where the in vivo concentrations of ATP will be 
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approximately 2 mM. The assembly pathway of PspF (which includes intermediates) is still 
unknown. There are a number of mutants that alter self-association of PspF, including the 
Walker A mutant K42A, which forms a monomer-dimer, the Walker B mutants D107A and 
E108A and the putative Arginine finger residues R162A and R168A, which all form (apparently 
constitutive) hexamers (Schumacher et al 2004; Joly et al 2006; Joly et al 2007).  
A Glutamate Switch 
The energy derived from ATP hydrolysis of PspF needs to be translated through the protein 
complex and results in a remodelled substrate (RPo). Upon analysis of the crystal structures of 
PspF in the apo, ATP and ADP bound states, an interaction pair (E108 with N64) was identified 
(Figure 1.10C). The configuration of these two residues seemed to determine the positioning of 
the Eσ54 interacting loops L1 and L2. 
The binding of ATP is proposed to cause E108 to interact with N64, which in turn translates to 
the release of L1 and L2, allowing PspF to productively interact with Eσ54. As hydrolysis 
progresses a tight but short lived interaction between PspF and Eσ54 occurs until the inorganic 
phosphate (Pi) is released causing N64 to alter its conformation and break its interaction with 
E108. The loss of this interaction causes the L1 and L2 loops to return to a locked state that is 
unable to interact with Eσ54 (Buck et al., 2006; Rappas et al., 2005; 2006). 
The interaction between E108 and N64 has been termed the glutamate switch as it switches 
PspF from an active to an inactive state and vice versa (Zhang and Wigley 2008).  
The heptameric structure of NtrC1, however has been shown to relay L1 and L2 movements via 
another mechanism. Chen et al, showed that L1 and L2 movements have been shown to be 
dependent on the engagement of the R-finger (R299) with the γ-phosphate moiety of ATP. This 
engagement kinks the helix H9, permitting a rigid-body roll of 10-15° of L1 and L2 that extends 
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the GAFTGA motif in a conformation suitable for contact with σ54. Upon hydrolysis and Pi 
release, R299 disengages from the γ-phosphate where it has been proposed that the energy 
from this process causes a “power stroke” of the GAFTGA motif to a position that is unable to 
bind to σ54. This movement has been suggested to be the remodelling mechanism necessary to 
activate transcription (Chen et al., 2010). 
1.3 OBJECTIVES 
A basic understanding of the global interactions that mediate σ54-dependent transcription has 
already been obtained, yet the mechanisms that govern oligomerisation and hydrolysis of PspF 
are poorly understood. The C-terminal deletion variant of PspF (PspF1-275) was used in all PspF 
based assays. 
The bEBP complex HrpRS like PspF lacks an N-terminal regulatory domain but is controlled by 
the trans-acting factor HrpV. Unlike Pspf, HrpRS is a heteromeric bEBP that requires both HrpR 
and HrpS to remodel σ54. It was proposed that the key to co-dependency of this protein would 
lie at the interface between subunits. As there is no structural information available for HrpRS, 
randomized mutagenesis studies were carried out by M Jovanovic. These studies revealed a 
mutant of HrpS (K233E) that was able to activate σ54-dependent transcription in the absence of 
HrpR. In the hexameric model of PspF1-275, the equivalent residue, E234, occurs at the interface 
between subunits (in line with the observation in HrpRS) and is in close proximity to two other 
potential interacting partner residues, E200 (in cis) and K30 (in trans). As well as acting as a 
supporting study for the oligomeric behavior of HrpRS, it also helps provide insights into the 
effects that the variant forms of these residues will have on the function of PspF1-275. As E234 
falls within the Sensor-II motif (nucleotide-dependent oligomerisation) we propose that 
55 
 
variants of these residues will disrupt the oligomeric assembly of PspF1-275 and hence affect its 
ability to remodel its substrate (Chapter 3).  
Following from the results of Chapter 3 we hypothesized that although these residues are 
important for maintaining functional hexameric assembly of PspF1-275, binding of substrate may 
affect the conformation of the hexamer thereby improving activity. Therefore the interface 
variants will be challenged in a number of assays against the RPc (Chapter 4). 
The glutamate switch mutant E108Q is a slow hydrolyser of ATP and most importantly a slow 
remodeler of Eσ54. E108Q has been shown to form a number of intermediate complexes en 
route to open complex formation and as a result acts as an important tool to be able to 
determine the mechanics of hydrolysis within PspF1-275. By purifying a set of double mutants 
that includes the E108Q mutation we will be able to determine the biochemical properties of 
this variant and the dependency that other residues have upon E108 to carry out the Eσ54 
remodeling process. The use of biochemical and structural techniques will enable us to 
characterize the mechanics that occur within the catalytic site of PspF1-275 (Chapter 5). 
The residue E305 in σ54 of Aquifex aeolicus was proposed to interact with the -12 element of 
the native DhsU promoter (S Darst, E Campbell personal communication). A mutant form of 
this residue (E305A) exhibits increased promoter binding (in a filter binding assay) and has been 
termed a “super-binder”. A strong binding variant like E305A may help produce better crystals 
of σ54 for structural analysis.  It is an aim of this thesis to biochemically characterise the 
equivalent residue in K. pneumoniae (E378) and determine its ability of promoter recognition at 
the -12 (GC) element (Chapter 6). 
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Chapter 2: Materials and methods 
Bacterial Strains and Growth Conditions 
The bacterial strains used in this study are listed in Table 1 in the Appendix. All Bacterial strains 
were grown in Luria Bertani (LB) medium (Bertani, 1951). Cells were grown at 37°C for 
transformations and overnight cultures unless otherwise stated. Antibiotic concentrations are 
as follows: 50 µg/ml of kanamycin for cells containing pET28, 25 µg/ml of kanamycin for cells 
containing pAPT110, 100 µg/ml of ampicillin for cells containing pUC19 or pUT18C and 30µg/ml 
of chloramphenicol for cells containing pBAD18. Expression of plasmids was induced by using 
0.5mM of isopropyl-β-D-1-thiogalactopyranoside (IPTG) for plasmids containing the lac 
promoter and 0.02% arabinose for pBAD18. 
Agarose Gel 
In order to separate or determine DNA fragment sizes, agarose gels were used. Typically 1% 
(w/v) agarose was dissolved by heating in 60 ml of 1x TBE Buffer (National Diagnostics, 89 mM 
TrisBorate pH 8.3, 2 mM Na2EDTA). SYBR Safe DNA Gel Stain (Invitrogen) was added to the gel 
at a final concentration of 1 in 10,000 (v/v). DNA samples were mixed with 5x FEB buffer (25% 
(w/v) ficoll, 62.5 mM EDTA, 1 mg/ml bromophenol blue) and loaded along with 15 μl of DNA 
ladder (Fermentas, GeneRuler 1kb, 0.5 μg/μl). The gel was run at 130V in 1x TBE Buffer for 
approximately 30min. 
Protein Gels 
Protein samples in 2x Laemmli Buffer were loaded on 7.5% or 12.5% SDS gels (stacked with 
4.5% SDS stacking gels), using the BioRad Protean Tetra Cell system. Bench mark xp (Invitrogen) 
was used as a protein marker. After boiling at 95°C for 5 min in 1x Laemmli Buffer, the 
denatured protein samples were run at 200 mA for 35 min in 1x SDS Buffer (National 
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Diagnostics, 25 mM Tris, 192 mM glycine, 1% SDS). The native gel was run at 120V for 50 min in 
1x TG buffer (BioRad, 25 mM Tris, 192mM glycine pH8.3). 
 
Reagents Resolving 
7.5% 
Resolving 
12.5% 
Stacking 
4.5% 
Acrylamide 2.5 ml 4.2 ml 0.6 ml 
Solution II 2.5ml 2.5 ml - 
Solution III - - 1 ml 
Water 5 ml 4.2 ml 2.4 ml 
10% APS 100 µl 100 µl 40 µl 
TEMED 10 µl 10 µl 4 µl 
 
 
 
Sequencing Gels 
Full-length transcription and spRNA assays were run on sequencing gels. Samples from both 
assays were mixed with 3x Formamide Stop dye (0.3 mg/ml xylene cyanol, 0.3 mg/ml 
bromophenol blue, 20 mM EDTA, in deionized formamide), incubated at 95°C for 5 minutes 
and loaded on a 4% sequencing gel. The full-length transcription gel was run under 50W for 2 
hours in 1x TBE buffer in a BioRad Sequi-Gen GT system. The spRNA gel was run at 300V for 35 
minutes in 1x TBE buffer in a MBI TV200 gel system. 
 
 
Reagents Native gel 
(4.5%) 
Acrylamide 0.75 ml 
10x TG 0.5 ml 
Water 3.75 ml 
10% APS 50 µl 
TEMED 5 µl 
Table 2.1: Protein Gels used in this thesis. Acrylamide solution (National Diagnostics) contains 37.5: 1 
Acrylamide: Bis-acrylamide. Solution II contains 1.5 M Tris-HCl pH8.8, 0.3% (w/v) SDS. Solution III 
contains 0.5 M Tris-HCl pH6.8, 0.3% (w/v) SDS. TEMED produced by Sigma (Tetramethylethylenediamine). 
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Reagents 20% spRNA gel 4% Full-length gel 
UreaGel Concentrate 20 ml 8 ml 
SequGel Diluent 2.5 ml 37 ml 
10x TBE 2.5 ml 5 ml 
10x APS 200 µl 500 µl 
TEMED 20 µl 40 µl 
 
 
Plasmid Isolation 
Plasmid DNA was purified from 5 ml overnight cultures (grown using appropriate antibiotics) 
using the Qiagen plasmid isolation kit according to the manufacturer’s protocol. DNA 
fragments were run on 1% agarose gels and extracted using the Qiagen gel extraction kits 
according to the manufacturer’s protocol. 
Site-Directed Mutagenesis 
Single amino acid substitutions were performed by site-directed mutagenesis using the 
Stratagene QuickChange mutagenesis kit according to the manufacturer’s protocol. The PCR 
programme used was as follows: initial denaturation for 1 minute at 95°C. Then a cycle of 30 
seconds at 95°C, 1 minute of annealing at 58°C and 12 minutes of extension at 68°C which 
would be repeated 16 times. After the final annealing step the tubes were kept at 4°C.  pPB1 
containing the wild-type E. coli pspF1-275 sequence with an N-terminal in-frame (His)x6 fusion 
was used as a template for pspF mutations. Once the PCR had completed, the plasmids were 
cleaned up using the Qiagen PCR purification kit according to the lab optimised protocol. The 
resulting solution was treated with DpnI (NEB) to digest the parental plasmids that were 
present.  
Table 2.2: Sequencing gels used in this thesis. UreaGel concentrate and SequaGel Diluent were produced by 
National Diagnostics. 
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Reagents PCR mutagenesis (50 µl) 
1x Pfu Buffer 5 µl 
dNTP mix (Stratagene) 1 µl 
Water 37 µl 
Plasmid (100 pg- 1 ng) 4 µl 
Forward primer (10 µM) 1 µl 
Reverse primer (10 µM) 1 µl 
Pfu Ultra II (Stratagene) 1 µl 
 
 
Restriction Digestion of DNA 
10 µl of plasmid DNA was digested in a 20 µl reaction using 1 µl of FastDIgest enzymes 
(produced by Fermentas) at 37°C for 30 minutes. The digest was subsequently run on an 
agarose gel and extracted. 
Ligation 
The open plasmid and insert were ligated in a molar ration of 1:3 using the Rapid T4 DNA Ligase 
(Fermentas) at room temperature for 20 minutes. The volumes of reaction constituents were 
as follows: 2 µl of cut plasmid, 2 µl of insert, 5 µl of 2x reaction buffer and 1 µl of Rapid T4 DNA 
Ligase. 
DNA Sequencing 
A mixture containing 3 µl of primer and 7 µl of plasmid DNA was sent to the DNA Core 
Laboratory of MRC for sequencing (Hammersmith Hospital). Sequences were analyzed using 
Clone manager (SciEd) or ChromasLite. 
Table 2.3: Reaction constituents for PCR site-directed mutagenesis 
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Competent Cells 
A colony from an LB agar plate was inoculated in 5ml of liquid LB and was placed on a shaker 
(200 rpm) at 37°C overnight. 0.5 ml of overnight cell culture was inoculated into 5 ml of LB 
liquid medium and placed on a shaker at 37°C until growth reached an Optical Density, at 
600nm (OD600), of  ~0.4-0.5. Subsequently, 1ml of this culture was inoculated into 19ml of 
liquid LB medium and placed on a shaker at 37°C until growth reached an OD600 of ~0.25-0.3, 
where the culture was placed on ice for 15 minutes. The chilled culture was centrifuged for 10 
minutes at 4,000 rpm (at 4°C). The supernatant was discarded and the pellet was resuspended 
in cold 0.1M CaCl2 and placed on ice for a further 30 minutes. The resuspended cultures were 
centrifuged again as stated above. The supernatant was discarded and the bacterial pellet was 
resuspended in 2 ml of cold 0.1 M CaCl2 solution containing 15% glycerol. The solution was 
distributed in 0.2 ml aliquots and stored at -80°C. 
Transformations 
2µl of vector was added to an appropriate aliquot of competent cells depending on the 
transformation efficiency of the strain. The mixture was left on ice for 45 minutes and then 
heat shocked at 42°C for 2 minutes. The mixture was left on ice for a further 5 minutes. 500µl 
of LB liquid medium was added to the competent cell mixture and placed at 37°C for 1 hour to 
recover cells. The mixture was then spread on a LB agar plate containing an appropriate 
antibiotic and left to grow overnight at 37°C. 
Beta-Galactosidase Assay 
The amount of β-galactosidase produced in MG1655ΔFΔA (See Appendix A) can be assayed 
using the properties of o-nitrophenyl β-D-galactopyranoside (ONPG). ONPG is a colourless 
compound but in the presence of β-galactosidase, it is cleaved resulting into galactose and the 
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yellow ortho-nitrophenol, which can be colorimetrically measured at a wavelength of 420nm. 
The equation used to calculate β-galactosidase activity (in Miller Units) is as follows: 
                 
                   
                   
 
Time is measured in minutes and volume is measured in millilitres. 
Overnight cultures of individual colonies were grown in 5ml of LB liquid medium containing the 
relevant antibiotic/s on a shaker at 30°C. 100µl of the overnight cultures were inoculated in 5ml 
of LB liquid medium containing the relevant antibiotics under the same conditions. Once the 
culture had reached an OD600 of ~0.2-0.4, inducer was added at the concentrations mentioned 
in the growth conditions section. 2 hours post-induction, the cultures were placed on ice for 20 
minutes to prevent any further growth. The OD600 of the cultures were recorded and 0.5ml of 
culture was added to 0.5ml of Z buffer (pH 7.0) + β-mercaptoethanol (β-ME), which contains: 
0.06M Na2HPO4, 0.04M NaH2PO4, 0.01M KCl, 0.001M MgSO4 and 2.7µl β-ME of per ml of Z 
buffer. 60 µl of chloroform and 30 µl of 0.1% SDS (sodium dodecyl sulphate) was added to the 
solution and then vortexed for 30 seconds. The solution was then incubated at 28°C for 5-6 
minutes. 0.2 ml of ONPG dissolved in Z buffer (4mg/ml; without β-ME) was added to the 
mixture and the reaction was stopped using 0.5 ml of 1M Na2CO3 once the solution started to 
turn yellow. The optical density was then measured at 420 nm and 550 nm and results were 
expressed as Miller Units using the above equation. 
GFP in vivo Reporter Assay 
MG1655ΔFΔA was transformed with pBAD18 carrying pspF1-275 variants and an ampicillin 
resistant plasmid containing the pspA promoter fused to gfp. 5 ml cultures in LB media were 
grown overnight and OD600 was diluted to a value of 0.05 in media containing 0.02% arabinose 
on a 96-well plate to a final volume of 100 µl. The variants were separated into technical 
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triplicates of biological duplicates. The plate reader was set to incubate at 37°C and shake the 
plate for 10 hours. Every 15 minutes the plate reader would take measurements of OD600 and 
the fluorescence at 488 nm. 
Western Blotting 
Crude cell extracts were loaded onto 12.5% SDS-PAGE gel and run at 200V. Upon completion of 
SDS-PAGE the separating gel and Whatman filter paper were equilibrated in transblot buffer 
(10 mM Tris base, 100 mM glycine, 10% (v/v) methanol) for 10 minutes. Proteins from the gel 
were transferred onto a methanol-activated PVDF membrane (GE Healthcare), pre-equilibrated 
in transblot buffer, using a Trans-BlotR SD Semi-Dry Transfer Cell (Bio-Rad). The unit was run at 
≥100mA for 1 hour. Once blotting had completed, the membrane was blocked overnight (at 
4°C) with 5% milk powder (w/v) in TBS buffer (50 mM Tris-HCl (pH 7.5), 150 mM NaCl). The 
membrane was then washed 2 x 10 minutes in TBSTT (TBS, 0.1% Tween-20), 1 x 10 minutes in 
TBS and, subsequently, incubated for 1 hour in primary antibody (diluted in 5% (w/v) milk-
powder in TBS) specific for the analysed protein. PspF antibodies were diluted in a factor of 
1:1,000. The membrane was washed as aforementioned and then incubated for 1 hour in horse 
radish peroxidase (HRP) conjugated, anti-rabbit, secondary antibody (diluted by a factor of 
1:10,000 in 5% (w/v) milk-powder in TBS). The membrane was washed 5 x 10 minutes in TBSTT 
and was, consequently, treated with ECL Plus Western Blotting Detection System (GE 
Healthcare) to detect the secondary antibodies. Post-treatment, the membrane was exposed 
to a Biomax XR film (Fisher). 
PspF Purification 
One litre of LB was inoculated with a 20 ml pre-culture of pET28-PspF1-275 in the presence of 50 
μg/ml of kanamycin. The cultures were put on a shaker and grown at 37°C until the OD600nm 
reached an absorbance of 0.4. The cultures were subsequently induced with 0.5 mM IPTG 
63 
 
(Isopropyl thio-β-D-galactoside) at 25°C for 3 h. The cultures were then centrifuged at 
5,000rpm for 15 min (4°C) and resuspended in Lysis Buffer (20 mM Tris-HCl pH8.0, 500 mM 
NaCl, 5% (v/v) glycerol). Protease inhibitor (Roche) was then added to the re-suspension to 
prevent protein degradation. The cells were sonicated in two rounds (10 min intervals, 2 sec 
on/off, 40% amplitude). The lysed suspension was centrifuged at 15,000rpm for 30 minutes. 
The soluble fraction was loaded on a HiTrapTM 5ml Chelating HP Column (GE Healthcare), pre-
charged with NiCl2. The AKTA FPLC (GE Healthcare) system was used for all purifications.  
Buffer A (25 mM TrisHCl pH8.0, 500 mM NaCl, 5% (v/v) glycerol) and Buffer B (Buffer A + 1 M 
imidazole) were used for washing and elution of the column respectively. Excess protein was 
washed off the column with Buffer A. Weak binding proteins were washed off the column with 
7% Buffer B. 
His-tagged PspF was eluted with a linear gradient of Buffer B (1 mg/min, 40 min to 100% Buffer 
B). The fractions were pooled and dialysed o/n in TGED Buffer (20 mM TrisHCl pH8.0, 50 mM 
NaCl, 1mM DTT, 0.1 mM EDTA, 5% (v/v) glycerol) in a dialysis tube (MWCO = 10 kDa, Spectrum 
Laboratory), and stored at -80°C. 
Sigma54 Purification 
The σ54 factor from Klebsiella pneumoniae is the subject of study in the Buck lab.  
Growth and purification of σ54 follows the same steps as PspF (with the exception of a 3% 
Buffer B wash opposed to 7%). After His-tag purification the pooled fractions were loaded onto 
a HiTrapTM 5 ml Heparin HP Column using the AKTA FPLC system. The σ factors were washed 
with Buffer A (50 mM TrisHCl pH8.0, 50 mM NaCl, 0.1 mM EDTA, 10 mM MgCl2, 1 mM DTT and 
5% (v/v) glycerol), eluted with a linear gradient of Buffer B (Buffer A + 1M NaCl at 1ml/min over 
60 minutes) and dialysed in 20 mM TrisHCl pH8.0, 200 mM NaCl, 0.1 mM EDTA, 1mM DTT and 
50% (v/v) glycerol. 
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HIS-TAG Cleavage 
His-tags were cleaved off PspF1-275 variants using biotinylated-thrombin (Thrombin Cleavage 
Capture Kit, Novagen) for 3 h at room temperature. Residual uncleaved protein and 
biotinylated thrombin was removed by binding to Ni-NTA agarose beads (Qiagen) and 
streptavidin agarose beads (Novagen) respectively on a gravity flow column. 
Protein quantification using the Folin-Lowry method 
The method is based on the reaction of protein with an alkaline copper tartrate solution and 
Folin reagent (Lowry et al., 1951). Proteins react with copper in alkaline solution and 
subsequently the copper-treated proteins reduce Folin reagent by loss of oxygen atoms. The 
resulting reduced protein species have a characteristic blue color with maximum absorbance at 
750 nm. The assay was set up on a microplate using reagents from the Bio-Rad DC Protein 
assay kit. 5 µl of protein solution was added to each well at different protein concentrations 
and was laid out in triplicates. 25 µl of Reagent A (alkaline copper tartrate solution) was added 
to the protein solution followed by 200 µl of Reagent B (dilute Folin reagent). The mixture was 
left to incubate at room temperature for 15 minutes and was subsequently tested for its 
absorbance at 750 nm on a Synergy HT Spectrophotometer plate reader. A titration curve using 
bovine serum albumin (BSA) was used as a reference for determining the concentration of 
newly purified proteins in mg/ml. 
Gel Filtration on FPLC 
The PspF1-275 variants were pre-incubated for 5 min on ice in running buffer (20 mM TrisHCl 
pH8.0, 50 mM NaCl, 15 mM MgCl2, 0.4 mM ADP or ATP). 50 µl of each sample was injected into 
the Superdex 200 Column (GE Healthcare) assembled on an AKTA FPLC system pre-equilibrated 
with the same buffer. Chromatography was run at a flow rate of 0.5 ml/min at 4°C. The ladder 
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was obtained with the following globular proteins: thyroglobulin (669kDa), apoferritin 
(443kDa), β-amylase (200kDa), BSA (66kDa) and carbonic anhydrase (29kDa). 
 
Gel Filtration on HPLC 
40 µl samples were prepared in the same running buffer as above and centrifuged at 
15,000rpm for 3 minutes (4°C) to remove any particulates. The samples were then carefully 
pipetted into 200 µl crimp autosampler vials. Each sample was placed in the refrigerated 
autosampler of the Thermo Scientific Surveyor HPLC system. The Biosep Sec-S3000 gel filtration 
column (Phenomenex) was attached to the system in a column oven (Phenomenex) at a 
temperature of 8°C (the lowest temperature of the oven). The detector was set to detect broad 
spectrum and UV at 280nm. The flow rate was set at 0.5ml/min with a pressure limit of 1500 
psi and the injections were set at 15 µl. The use of a faster flowing, high-resolution column was 
also used in this study. The Yarra SEC-S3000 (Phenomenex) was run at 1 ml/min with a 
maximum back pressure of 3000 psi. Security Guard (Phenomenex) was used as the guard 
column to protect the Yarra and Biosep columns from particulate damage.  
Columns were cleaned overnight with a gradient from 0% to 100% of ACN (acetonitrile) with 
degassed ddH2O at a flow rate of 0.2ml/min. 
Radio-labelling and duplex formation of Promoter Probes 
1 µl of radioactive ATP (γ-32P) was used to donate 32P for 1 µM single stranded DNA end-
labelling in the presence of 1 unit of T4 polynucleotide kinase (T4 PNK produced by USB) at 
37°C for 30 minutes. T4 PNK was subsequently heat deactivativated at 65°C for 10 minutes. 
The 32P-labelled (or unlabelled) DNA was mixed with its unlabelled complementary strand in 1x 
TM Buffer (10 mM TrisHCl pH8.0, 10 mM MgCl2), heated at 95°C for 5 min and cooled gradually 
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to allow duplex formation. These promoter probes were used in a number of native gel 
mobility gel shift assays. 
Native Gel-Shift Assay  
Closed complexes were formed in a total reaction volume of 10 μl, 20 nM DNA and 200 nM 
holoenzyme (reconstituted at a ratio of 1:3 core:σ54) in 1x STA buffer (2.5mM Tris-acetate pH 
8.0, 8 mM Mg-acetate, 10 mM KCl, 1 mM DTT, 3.5% (w/v) PEG 8000) and were incubated for 10 
min at 37°C. The unbound DNA and the holoenzyme bound to DNA was separated on a non-
denaturing polyacrylamide gel. Open complexes were formed as above with the addition of 10 
μM PspF and 5 mM dATP. The heparin stability of the DNA-complexes can be assayed by 
addition of heparin (final concentration 100 μg/ml) for 2 min, after the 10 minutes incubation 
period at 37°C prior to gel loading. 
Intermediate promoter complexes were formed by incubating the pre-formed Eσ54-DNA 
complex with 2 mM ADP.AlFx (formed in situ by the addition of 0.2 mM AlCl3 to a mixture 
containing 0.2 mM ADP and 5 mM NaF detailed in (Chaney et al., 2001)) in 1x STA buffer for 10 
min. The reactions were analysed on a 4.5% native polyacrylamide gel run for 50 min at 120 V 
in 25 mM Tris, 200 mM glycine buffer (pH 8.6) at room temperature.  
Super shift reactions were conducted in 10 µl reactions containing: 10 µM PspF1-275, 4mM 
dATP, 2 µM σ54, 50 nM radio-labelled DNA in 1x STA buffer. Samples were incubated at 37°C for 
15 minutes before being mixed with 2.5 µl of 5x Native loading dye (10% (v/v) glycerol, 0.5 mg 
bromophenol blue). 
All native gels were dried, developed for 30 minutes visualised by using a Fuji FLA-5000 
PhosphorImager and quantified by AIDA image analayzer software (Bio Imaging). 
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Full-Length Transcription Assay 
Transcription assays were performed in 10 µl reactions. Including STA buffer with 10 nM 
supercoiled template pMKC28 (which contains a T7 early transcriptional terminator sequence 
approximately 470 nucleotides downstream from the multiple cloning site) and 200 nM 
holoenzyme (reconstituted in a 1:3 ratio of core RNAP:σ54). pMCK28 contains the S. meliloti 
nifH promoter in pET103. For open complex formation 5 μM of PspF1-275 and 4 mM ATP were 
used. The elongation mixture contained 100 mg/ml heparin, 100 nM ATP, 
CTP and GTP and 50 nM UTP (0.25 mCi of [α-32P] UTP (800 Ci/mmol)). Reactions were 
incubated at 37°C and were stopped using 4 µl of formamide dye mixture (0.3 mg/ml xylene 
cyanol, 0.3 mg/ml bromophenol blue, 20 mM EDTA in deionised formamide). 7 µl of the 
samples were run on a 4% denaturing sequencing gel for 2 hr at 50W. The gels were, 
subsequently, dried, quantified and analysed by PhosphorImager analysis to measure 
transcriptional activity compared to wild-type σ54 
Abortive Assay 
A 10µl reaction containing: 1x STA buffer, 200 nM holoenzyme (reconstituted at a ratio of 1:5 
core: σ54), 0.5 µl of 5mM ATP and 1 µl of 20 nM nifH promoter template, was incubated for 10 
minutes (37°C). This was followed by the subsequent addition of 0.5 µl PspF (5 μM) and 
incubated for a further 10 minutes (37°C). An elongation mix containing, 1µl of heparin (1 
mg/ml), 0.3 µl of the dinucleotide UpG and 0.2 µl of radio labelled α-32P GTP. DNA templates 
used include the late melted probe, early melted probe and nifH supercoiled template. 
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ATPase Assay 
Radioactive ATPase assays were conducted in 10 µl volumes containing: ATPase buffer (20mM 
Tris-HCl pH 8.0, 50 mM NaCl, 15 mM MgCl2, 0.1 mM EDTA, 10 µM DTT), 4 µM PspF1-275, 1 mM 
unlabelled ATP and 0.6 µCi/µl α-32P labeled ATP (3000 Ci/mmol). PspF1-275 variants were pre- 
incubated with ATPase Buffer at 37°C for 5 min. Hydrolysis was started by the addition of ATP 
mixture at 37°C. Reactions were quenched by the addition of 5x volumes of 2 M formic acid. 
Radio-labelled ADP was separated from radio-labelled ATP on a thin layer chromatography 
(TLC) plate (Polygram Cel 300 PEI, Macherey-Nagel) in 0.4 M K2PO4/0.7 M boric acid solvent. 
The TLC plates were exposed to IP plates (Fuji) for 1 h and scanned by phosphorimager (Fuji 
Bas-1500). All the reactions were performed in at least triplicate. 
The steady-state ATP hydrolysis for the interface variants was measured in real-time by 
adopting an NADH-coupled regeneration system (Norby, 1988).  
ATPase activity was measured at 37°C in a 100 μl final volume: 25 mM Tris-HCl (pH 8.0), 100 
mM KCl, 10 mM MgCl2, 1 mM DTT, 1 mM NADH, 10 mM phosphoenolpyruvate, 10 U/ml 
pyruvate kinase, 20 U/ml lactate dehydrogenase, ATP (from 0 mM to 50 mM) and PspF1-275 
(from 0 to 20 μM). The rate of NADH absorbance decrease at 340 nm is proportional to the rate 
of steady-state ATP hydrolysis. The rationale of the regeneration system is described in Figure 
Figure 2.1: Rationale for the spRNA assay. The GG and GC elements and transcription start site are 
highlighted in bold on the nifH promoter. The dinucleotide primer UpG anneal with the -1 and +1 sites, where 
α-
32
P GTP is incorporated in the following transcript. 
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Figure 2.2: Rationale for NADH-coupled regeneration ATPase assay. ATP is hydrolysed by PspF1-275 resulting in the 
formation of ADP and inorganic phosphate. The Phosphate group from Phospho-enol-pyruvate is kinased back onto 
ADP by Pyruvate Kinase resulting in ATP (which is fed back into PspF1-275 for hydrolysis) and pyruvate by the enzyme 
pyruvate kinase. The NADH in combination with H
+
 is used to donate a H2 group to pyruvate to form Lactate and 
NAD
+
 by the enzyme Lactate Dehydrogenase. The fall in concentration of NADH is monitored at 340 nm. 
2.2. Both σ54 (final concentration 20 μM) and DNA (final concentration 500 nM) were added to 
the ATPase reactions. 
 
 
Thiol-based crosslinking 
DNA promoter probes containing a monothiophosphate between specific bases were 
radiolabelled as previously described (list of oligonuclotides can be found in Appendix D). To 
remove the DTT used in the kinasing reaction from the oligonucleotides, duplexed DNA was 
passed through Illustra Microspin g-50 gel filtration columns (GE), where large oligonucleotides 
are eluted and smaller molecules remain in the column. 
Closed complexes were formed in a total reaction volume of 10 μl, 20 nM DNA and 200 nM 
holoenzyme (reconstituted at a ratio of 1:3 core:σ54) in 1x Crosslinking buffer (25 mM HEPES-
KOH (pH 7.5), 5 mM MgCl2, 25 mM KCl and 3.5% (w/v) PEG 8000) and were incubated for 10 
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min at 37°C. Either BMOE (bismaleimide-o-ethane) or bBBr (dibromobimane) were added at a 
2-fold concentration to σ54 and left for a further hour to crosslink. Reactions were quenched 
with 0.1 mM DTT, boiled for two minutes and run on a 7.5% SDS-PAGE Gel at 70mA for 35 
minutes. Gels that did not contain radiolabelled DNA promoter probes were stained in a 1000x 
dilution of SYBR Gold (diluted in 1x TBE) for 1 hour. Both SYBR-Gold stained and radiolabelled 
gels were imaged using a Fuji FLA-5000 PhosphorImager. 
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Chapter 3: An oligomeric lock as a means to functional 
complex assembly 
3.1 INTRODUCTION 
The functionality of an AAA+ protein depends largely on its ability to form higher order 
oligomers (typically hexamers). The typically hexameric form of these proteins is crucial to 
aligning in trans residues at the interface between subunits, allowing for correct positioning of 
residues forming, for example, ATP binding sites. The formation of a catalytically competent  
ATP site then leads, via a network of in cis and in trans interactions, to direct and indirect 
interactions between nucleotide-binding sites of adjacent subunits (Joly et al., 2006; Joly et al., 
2012). It is well established that AAA+ proteins undergo conformational changes (based on 
their nucleotide-bound state) that are transmitted to their target substrate, which are often 
proteins. For instance, cryo-EM studies of the protein disaggregase, Hsp104, in different 
nucleotide bound states, indicated substantial domain movement upon ATP binding and 
hydrolysis (Wendler et al., 2009). These movements allow Hsp104 to achieve the protein 
threading required to sort protein aggregates. Although this transition is not well characterised, 
there are still crystallographic snapshots that have been tentatively defined as transition states.  
In the case of the AAA+ domain of PspF, monomeric crystal structures have been acquired that 
include the apo state (mimicked by a mutant of the sensor 2 motif, R227A), the ATP ground 
state (mimicked by the addition of the non-hydrolysable nucleotide analogue AMPPNP), and 
the ATP and the ADP bound states. Hexameric structures of PspF have not been captured, 
however, models of such a complex have been generated in silico using the monomeric 
structures of ATP and ADP-bound PspF. The resulting hexamers were in the form of an 
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assymetric open ring, in both cases, (Figure 3.1) and it has been proposed to be the operational 
configuration of PspF for substrate remodelling (Joly and Buck, 2011).  
 
 
 
In the absence of nucleotide, PspF forms oligomers in a concentration-dependent manner but 
in the presence of nucleotide, hexamer formation is induced even at low concentrations (Figure 
3.2A). There are a number of mutations that alter the self-association of PspF, including the 
Walker A mutant K42A (E. coli PspF numbering), which only forms a monomer-dimer, the 
Walker B mutant E108A and the putative arginine finger mutations R162A and R168A, both of 
which form apparent octamers at concentrations where wild type is usually dimeric (Figure 
3.2B). When analysing oligomeric assembly using gel filtration, hexameric complexes formed by 
nucleotide addition elute at the approximate size of an octamer. Although gel filtration does 
predictably exclude proteins based on size, this is largely dependent on a globular 
conformation. When a protein adopts a larger shape (increase in radius) it elutes earlier (Yau 
and Bly, 1980). Therefore, the modified shape of the hexamer in the nucleotide-bound state 
could alter the way it migrates through the gel filtration matrix.   
Figure 3.1 The putative open spiral chain homomeric hexamer of PspF1-275. Visualized from top and side 
views; assembled into a six subunit complex from an ADP-bound monomer. Subunits were colored in an 
alternating fashion to aid identification of subunits. This hexameric model formed using protein docking 
software (gift from N Joly) 
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Like PspF, the bEBP complex HrpRS also lacks a regulatory domain and is, thus, constitutively 
active. HrpRS, however, deviates from the norm as it forms a heterohexameric bEBP complex 
unlike other characterised bEBPs that form homohexamers. Additionally, HrpR and HrpS act in 
a co-dependent manner to be able to activate σ54-dependent transcription of the hrpL 
promoter in the form of the HrpRS complex. Although this is unusual for bEBPs, 
heterohexameric AAA+ complexes do occur and are quite frequent in eukaryotes (e.g. FtsH and 
RFC) (Jovanovic et al., 2011; Moldavski et al., 2012). The key to co-dependency of HrpRS was 
thought to lie at the interface between subunits, since HrpR and HrpS both contain the L1 loop 
 
Figure 3.2 Gel Filtration profiles of PspF1-275 variants A) Shows three titrations of PspF1-275. B) Shows repeats of 
the PspF1-275 mutants R168A and K42A as markers of octamer and monomer, respectively. Scale bars on the 
left hand side represent the absorbance at 280nm, where the scale is colour coded according to the trace. 
A 
B 
74 
 
used for making open promoter complexes. As there is no structural information available for 
HrpRS, randomized mutagenesis studies were carried out by M Jovanovic.  
These studies revealed a mutant of HrpS (K233E) that was able to activate σ54-dependent 
transcription in the absence of HrpR.  In the hexameric model of PspF1-275, the equivalent 
residue, E234, occurs at the interface between subunits (in line with the observation in HrpRS) 
and is in close proximity to two other potential interacting partner residues, E200 (in cis) and 
K30 (in trans) (Figure 3.3 A and E). K30 and E200 are not part of any motifs but E234 is the last 
residue to occur in the Sensor-II motif. The Sensor-II motif is defined by the presence of a 
conserved arginine residue that points toward the γ-phosphate moiety of ATP from the 7th α-
helix of the protein. In PspF this is R227. It is therefore possible that movements of the Sensor-
II helix will be dependent upon the position of R227. 
The objective of work described in this chapter is to assess the contribution that each of these 
amino acids has to oligomerisation in solution and to determine whether they are sensitive to 
nucleotide addition. This will be done using point mutations of these residues. Mutational 
studies using such an activator system can therefore provide new insights into the interface 
requirements of bEBPs. 
3.2 RESULTS 
In silico Analysis 
To determine whether K30, E200 and E234 are conserved, the amino acid sequence of PspF1-275 
was aligned against the sequences of other characterised bEBPs (Figure 3.3 A). 
Upon analysis of the amino acid alignment it seems that a clear conservation of this triad of 
residues is not evident. However, most of the bEBPs have charged residues at these positions 
hinting at the possibility of a conserved electrostatic interaction. It was, therefore, necessary to 
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compare structural data of other bEBPs. The list of bEBP crystal structures in their higher 
oligomer form however is a short one. These include ZraR (hexamer), NtrC1 (heptamer) and 
NtrC4 (inactive dimer).  
The equivalent residues in the zinc-responsive ZraR hexameric structure showed that an 
interaction between R333 of the Sensor II helix (E234 in PspF) interacts with D162 (K30 in 
PspF). Like K30 of PspF, D162 of ZraR is located on an exposed loop nearby a proline (Figure 
3.3A). This could help confer the flexibility needed to be able to promote the necessary 
interaction with its Sensor II partner. In the ZraR structure, the equivalent residue to E200 (in 
PspF) on the helix adjacent to Sensor II does not interact with the loop but instead interacts 
with the conserved residue R301. This residue in PspF (R168) is proposed to be part of the R-
hand motif, partly responsible for stabilizing the negative charge of the ATP molecule (Figure 
3.3 B and C) (Joly et al., 2012). 
The residues of this triad, however, did not display an interaction in the crystal structure of 
NtrC1. Opposed to the general consensus of bEBPs forming hexamers, the crystal structure of 
the AAA+ domain of NtrC1 yielded a heptameric structure (Lee et al., 2003). This may be due to 
the lack of the regulatory and DNA binding domains that also contribute to oligomerisation. ES-
MS (Electrospray-Mass Spectrometry) studies on NtrC4 revealed that the full-length protein 
formed hexamers, whereas the isolated central AAA+ domain formed heptamers (Lee et al., 
2003; Batchelor et al., 2008). This suggests that NtrC1 may not form a heptamer as a full length 
protein. It is, therefore, possible that the equivalent triad residues interact in the hexameric 
form. Like DmpR, NtrC4 has the closest triad configuration to that of PspF. 
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Figure 3.3: Structural comparisons of bEBPs. A) An alignment of bEBPs from E. coli (PspF, FhlA, NorR and TyrR), 
Aquifex aeolicus (NtrC1 and NtrC4), Salmonella enterica (NtrC), Salmonella typhimurium (ZraR), Sinorhizobium meliloti 
(DctD), Pseudomonas sp. CF600 (DmpR), Pseudomonas putida (XylR), Pseudomonas syringae (HrpR and HrpS) and 
Azotobacter vinelandii (NifA). B) Schematic representations of electrostatic interactions that occur at the interface 
between protomers. C) The predicted monomeric structures of HrpR and HrpS generated on I-TASSER. D) one subunit 
of the crystal structure of NtrC4 (3DZD). E) Putative hexameric model of the ATP bound PspF1-275 monomeric crystal 
structure and the hexameric crystal structure of ZraR (1OJL). 
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Putative structures of HrpR and HrpS were also generated using I-TASSER (Roy et al., 2010). 
This predicted that the equivalent residues are positioned in a way that could contribute to 
hexameric assembly.  
With the limited structural data and the alignment of Figure 3.3, it is possible to infer that these 
self-association determinants apply to other bEBPs but do they exist in other AAA+ proteins? As 
AAA+ proteins vary in length, amino acid sequences were aligned using the Walker A motif and 
the conserved arginine of Sensor II.  
The human protein RuvB like 1 (RuvBL1) is homologous to the bacterial RuvB and functions 
with RuvBL2 in chromatin remodeling, nucleolar ribonucleoprotein biogenesis and other DNA 
associated processes. It is a member of the HCLR clade of AAA+ proteins, which means it differs 
from PspF by one β-hairpin insertion (Loop 1). The alignment with PspF identified R64 (in 
trans), T411 and E382 (in cis). The structure of RuvBL1 shows that, while E382 does not seem to 
interact with R64, T411 is in close proximity (Figure 3.4A).  
These residues are seen to be interacting yet again in another member of the HCLR clade, the 
heat shock protein HslU. It binds protein substrates, denatures them and translocates the 
resulting unfolded polypeptide to the peptidase, HslV (Song and Hartmann, 2000).  The 
hexameric structure of HslU from E. coli shows that K51 and E400 are close enough to interact 
but Q354 is 1 Å short of being able to form an electrostatic interaction. Although both Q354 
and E382 (RuvBL1) are not interacting with the exposed loop and Sensor II pair, it is possible 
that in other nucleotide bound states that the interface between protomers will change 
enough to allow these residues to participate in this bond (Figure 3.4B). 
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Figure 3.4: Structural comparison of AAA+ proteins. A) Shows the hexameric structure of RuvBL1 from Homo sapiens 
with equivalent residues of the triad highlighted (2C9O). B) Hexameric structure of HslU form E. coli with equivalent 
residues highlighted (1DO2). C) Structure of Dynein from Dictyostelium discoideum with relevant residues highlighted. 
D) Amino acid alignment. *Dynein is a single polypeptide chain complex with six AAA+ domains; Q3007 and E2888 
belong to AAA4 and AAA3 domains, respectively. 
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The H2 insert clade (of which bEBPs are a member) and the Pre-Sensor II clades have C-
terminal helical bundles that differ in position. As the Sensor-II helix is in a different position to 
bEBPs, the expectation is that members of the Pre-Sensor II clade would not be able to form 
this interaction. Surprisingly the motor protein Dynein (from Dictyostelium discoideum) shows 
this interaction between Sensor II and the exposed loop between two protomers. Dynein does 
not form a hexamer from individual subunits but is a single polypeptide chain with six AAA+ 
sequences (Figure 3.4D). 
The consistent presence of an exposed loop that interacts with a charged residue of Sensor II in 
the structures of ZraR, PspF, RuvBL1, HslU and Dynein signifies a potential relevance to this 
conserved interaction. The bEBP amino acid alignment hints toward possible candidate 
interface residues for study, where there is a lack of a structure.  
Analysis of the PspF Crystal Structures 
In all of the structures of the PspF AAA+ domain the main chain of the K30, E200 and E234 
residues display a static configuration that shifts according to global movements of the amino 
acid backbone chain (Figure 3.5). This would suggest that these residues have this configuration 
throughout all states as a locking mechanism for oligomeric formation.   
The form of interaction that occurs between these three residues would logically occur as an 
electrostatic interaction where the optimal distance for such a bond would be around 3.0 Å. 
According to the hexameric models available, the distance between E234 and K30 is 2.6 Å when 
the hexamer is bound to ATP and 2.8 Å in ADP (Figure 3.6A). On the other hand, the distance 
between E200 and K30 in both states is 3.1 Å, which would suggest that both E234 and E200 
are forming electrostatic interactions with K30. However, when capturing the protein structure 
a B-factor (otherwise known as the Debye-Waller factor) is assigned to each atom of the 
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macromolecule allowing for a description of the attenuation of x-ray diffraction caused by 
thermal movement. In the case of these residues, the B-factor can act as a measure of stability 
of this interaction where the lower the B-factor, the higher the stability and vice versa (Figure 
3.6B). 
 
 
 Figure 3.5 PspF structures in different nucleotide-bound states. Shows the overlaid structures of apo v 
AMPPNP (ATP binding), ATP v AMPPNP (ATP hydrolysis), ADP v ATP (ADP bound and P i release) and apo v ADP 
(ADP release). Pymol structures: apo-PspF-2C9C, AMPPNP-PspF-2C99, ATP-PspF-2C96 and ADP-PspF-2C98 
(Rappas et al., 2006) 
A 
B 
C 
D 
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Analysis of B-factor values shows that the  main chain of E234 and K30 remain relatively stable 
indicating that a consistent electrostatic interaction is occurring. E200 however does not show 
the same level of stability where swivelling of the bond between carbon γ and carbon δ is more 
obvious in the apo state, where electron delocalisation across the carboxyl group may lead to a 
more stochastic interaction. In the nucleotide-bound states, the main chain of E200 displays a 
more stable configuration where the oxygen 3.1 Å from the NH3
+ group of K30 may form a 
weaker electrostatic interaction than that of E234 and K30. That being said, it is possible that 
an apo-state hexamer relies less on the presence of E200 but regulates/skews the interaction 
between K30 and E234 in nucleotide bound states. 
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This triad of residues is present in the same conformation in all states and is theoretically 
capable of forming electrostatic interactions that stabilise hexamer formation. It is, hence, 
proposed that K30, E200 and E234 are responsible for forming an oligomeric lock that acts as a 
pivot to allow for the dynamic movements of the hexamer in all states. 
Figure 3.6 B-factor comparisons of different nucleotide-bound states. A) Shows an overlay of the two 
existing hexameric models of PspF based on the monomeric ATP and ADP-bound crystals and the distances 
(in Ångstroms) between the active groups of both glutamates and the NH3
+
 group of K30. B) Shows the B 
factors of the atoms of the main chains of the three residues in all four crystallized states. 
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To assess the contribution of the triad residues to oligomeric assembly, a number of 
substitutions were generated: K30A, E200A, E234A (to remove the side chain), K30E, E200K, 
E234K (charge swaps), K30D, E200D, E234D (to reduce the side chain size of glutamate whilst 
retaining a negative charge) and finally the double variants K30A-E234A, K30D-E234K, K30E-
E234D and K30E-E234K (Figure 3.7). Once produced, these variants were cleaved of their His-
tags and immediately assayed for functionality and oligomerisation. 
 
 
 
In vivo and in vitro activity 
The variants were first assessed  in an in vivo  reporter assay to be able to determine how they 
behave in the cell. Two plasmids were transformed into a strain of E. coli that lacked 
chromosomal pspF and pspA genes. The first plasmid contained the variant PspF1-275 under the 
control of the PBAD promoter (Guzman et al., 1995). The second plasmid was the reporter 
consisting of the pspA promoter fused to a gfp reporter. Activation of σ54-dependent 
transcription at the pspA promoter leads to a GFP signal. Three technical replicates of three 
biological replicates of each mutant were assayed for their ability to activate transcription in 
vivo (Figure 3.8) and Western blots to confirm expression of the PspF1-275variants. 
Figure 3.7 Chemical representations of the four amino acids used in mutagenesis. 
84 
 
 
 
 
 
Out of the single variants the K30 variants were the most affected in their ability to activate 
transcription compared to wild type. Although the signal was low, K30A was capable of 
activating transcription compared to K30D and K30E. A negative charge at this position (K30D 
and K30E) would act to repel E200 and E234 inhibiting protomers from forming an active 
complex.  A neutral charge at this position would disable E200 and E234 from interacting with 
the other protomer but the rest of the interface seems to compensate for the lack of the 
interacting triad. 
The E200 variants activate transcription like wild type and although the final signals are the 
same, the intermediate assemblies leading up to the activation of RPc could well be different in 
type and amount.  
Crystal structures of AAA+ proteins show how the interaction between the Sensor II residue 
(E234 in PspF) and the exposed loop (K30 in PspF) is conserved. Therefore, the expectation is 
that mutations of these two areas might greatly affect oligomerisation, leading to a loss or 
Figure 3.8: In vivo assay of interface mutants.  A) Shows a schematic of the in vivo assay where on one plasmid 
a PspF variant is expressed under the control of the PBAD promoter, activating the pspA promoter-gfp fusion on 
the second plasmid. B) Results of the assay following induction using 0.02 % Arabinose. 
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change in activity. It is thus surprising that E234A activates transcription like wild type. E200 
could compensate for the lack of a negatively charged interacting partner for K30 in this case. 
Shortening E234 by one carbon (E234D) seems to have the greatest effect on this position 
possibly due to an altered geometry of the interacting triad that translates to a misaligned 
ATPase site. E234K would also lead to an altered geometry but it is more favorable than that of 
E234D. 
All the double substitutions behave like the K30 single variants, with the exception of K30D-
E234D. Due to a lack of expression of K30D-E234D, it was not possible to purify this protein and 
it was not included in subsequent analyses. 
As in vitro assays do not include the additional variables that are present within the cytoplasm 
of a cell, there is often a difference between in vivo and in vitro data. Therefore purified PspF1-
275 variants were assayed for their ability to activate transcription on a supercoiled plasmid 
(pMKC28-nifH) containing the σ54-dependent nifH promoter from Sinorhizobium meliloti (Buck 
and Cannon, 1989). The short primed RNA (spRNA) assay exploits the sequence of the 
transcription start site of the nifH promoter, which on the template strand is 3’-ACCC-5’ (-1 to 
+3). The dinucleotide, 5’-UpG, acts as an initiating RNA primer and with the addition of 
radiolabelled GTP (α-32P) only a 4 nucleotide transcript is generated (UpGGG) as the complex 
cannot progress into the elongation phase without ATP, UTP and CTP. 
The spRNA assay showed similar levels of transcription activity to the in vivo assay for the K30 
single mutants, E200A, E200D, E234A, E234D, K30E E234D and K30E E234K. Both E200K and 
E234K activated more transcription complexes than wild type suggesting that in vitro 
conditions favor the activities of both of these mutants. 
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K30A-E234A and K30D-E234K also displayed an increase in activity compared to the in vivo 
analysis. To understand why these mutants are more productive in vitro than in vivo it must be 
clarified whether they are altered in their ability to oligomerise or hydrolyse ATP. 
ATPase Assay 
Many of these mutants are impaired in their ability to activate transcription and it is important 
to determine where they fail in the process of activation. One of the most obvious assessments 
is to assay the ability of the variants to hydrolyse ATP.  
The ATPase assay developed by Norby uses a cascade of enzymes that leads to a decreasing 
concentration of NADH (monitored at a wavelength of 340 nm) that, in turn, acts as a reporter 
of the kinetics of ATPase activity. As with oligomerisation, PspF has been shown to act in a 
concentration-dependent manner in terms of ATPase activity, thus titrations of PspF mutants 
were tested for their activity and expressed as a rate of catalysis (kcat [ATP]/min). 
Figure 3.9: spRNA assay of interface mutants on the nifH supercoiled template. A) A bar chart representation of B 
scored on AIDA image analyser. B) The UpGGG bands run on a 20% TBE gel. 
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The E200 variants display the highest rate of hydrolysis, exceeding wild type levels, where 
E200A is approximately 2 times more active than wild type (Figure 3.10). This, however, is not 
mirrored in the activity assays previously mentioned. The only E200 variant to exceed wild type 
is E200K in the spRNA assay.  The fact that E200A and E200D activate transcription like wild 
type (both in vivo and in vitro) could be due to efficient binding to σ54 leading to an ineffective 
remodelling process, but where the increased ATPase is largely uncoupled from interactions 
with RPc.  
The K30 mutants are all impaired at the hydrolysis step, with the exception of the double 
mutant K30A-E234A, which hydrolyses ATP at wild type levels. This could explain why K30A-
E234A activates transcription in the spRNA assay like wild type. Surprisingly, K30A and K30D 
have similar levels of hydrolysis but K30A is capable of activating more transcription complexes  
than K30D, suggesting that a difference in σ54 interaction as coupled to the ATPase might be 
responsible for contrasting levels of activation. 
The ATPase activity of E234D parallels the in vivo data and the activity observed in the spRNA 
assay but the average of the kcat of E234A and E234K are too low to correspond to their ability 
to remodel the RPc. This may be due to more efficent coupling to RPc but the presence of Eσ54 
and DNA could actively remodel the PspF hexameric complex to better couple ATPase to 
forming an RPo. The hydrolysis data in this study may acts as a marker of mis-alignment of 
ATPase sites. The absence of Eσ54 and DNA may be a reason why there are marked differences 
in hydrolysis and substrate remodelling but this will be investigated further in the following 
chapter.  
It is first important to determine if changes in ATPase activity are due to changes in oligomer 
formation, with and without nucleotides. 
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Figure 3.10: ATPase assay of interface mutants. Each mutant was assessed for its ability to 
hydrolyse ATP. On the x-axis for each mutant are the values corresponding to the concentration 
of the protein. The y-axis represents the rate of catalysis (kcat =[ATP] hydrolysed/minute) of each 
titration. The result for Wild type is reproduced on each row for aid in comparison. 
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Gel Filtration 
Oligomer formation was assessed by using gel filtration on a column with a linear range of 
700-15 kDa. The molecular weight of PspF1-275 cleaved of its his-tag is 32.6 kDa. Prior to 
running samples, the molecular weight standards: thyroglobulin (669kDa), apoferritin 
(443kDa), β-amylase (200kDa), BSA (66kDa) and carbonic anhydrase (29kDa) were run. Gel 
filtration was performed in five different conditions, where mutants were assessed for their 
ability to form a complex in the absence of nucleotide, in the presence of ATP at 0.4mM and 
4mM and in the presence of ADP at 0.4mM and 4mM. 0.4mM of nucleotide is the standard 
concentration used in the lab where protein detection is not affected by a high signal of 
nucleotide when run on the AKTA FPLC system. As the current study has the benefit of using 
the more sensitive HPLC system, both 0.4mM and 4mM were run. The 10x higher 
concentration of nucleotide was used to drive any weak ATP binding mutants into a self-
associated complex.  
The PspF complex that elutes at the point of an octamer is that previously described as the 
constitutive hexamer (nucleotide bound hexamer) where it is likely that the configuration of 
the complex is altered (perhaps as a spiral) causing it to elute at a volume corresponding to 
an octamer. An R227 mutant was also assayed for oligomerisation, which originated from an 
analysis using single chain forms of PspF oligomers, where a polypeptide linker was encoded 
between subunits (Joly et al 2011). The linked dimer WT-R227A encodes one wild type 
subunit and one mutant subunit (R227A) of PspF1-275. WT-R227A oligomerises like wild type 
in a concentration dependent manner and forms a small shoulder at the constitutive 
hexamer size in the presence of ATP and ADP (bottom panel of Figure 3.11).  
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Figure 3.11: Gel filtration profiles of all interface mutants (On pages 88 and 89). Each mutant was assayed under 
five conditions: without nucleotide,0.4mM ATP, 4mM ATP, 0.4mM ADP and 4mM ADP. Variants were at a 
concentration of 50µM in the absence of nucleotide and at 20µM in the presence of nucleotide. Dotted lines 
represent elution points of different complexes marked with a letter on the bottom of page 88 and at the top of 
page 89. C.H.-Constitutive hexamer, H-Hexamer (192 kDa), D-Dimer (64 kDa), M-Monomer (32 kDa). Gel filtration 
traces of proteins in high 4mM nucleotide were detected at a wavelength of 292nm to avoid noise and at 280nm 
for the rest. 
The rest of the mutants are drastically affected in oligomerisation, where most mutants are 
incapable of forming a hexamer in the absence of nucleotide with the exception of E200A 
and K30A, which elute at the point of a hexamer (Figure 3.11). 
An unusual trait for some of these mutants is the formation of three distinct oligomeric 
species at the size of a hexamer, tetramer and monomer. This phenotype is limited to 
variants that consist of a substituted K30 residue. K30A keeps this configuration under all 
conditions, where only the addition of ATP induces the formation of a constitutive hexamer 
(Figure 3.11 K30A row). This would suggest that these additional species are non-
productive. K30A and K30E can form constitutive hexamers in the presence of ATP but not 
in the presence of ADP and the double mutants K30A-E234A and K30E-E234D are capable of 
forming constitutive hexamers in ADP conditions.  
The oligomeric changes induced by the addition of nucleotide strongly suggest that R227 is 
involved in directing the way that these three residues interact. Although some mutants are 
incapable of forming constitutive hexamers in the presence of 0.4mM ATP, the addition of 
4mM ATP drives them into an active configuration (excluding K30D). These mutants typically 
form either a monomer or dimer, or both in low concentrations of nucleotide where an 
increase in nucleotide may well overcome the energy of repelling residues at the interface. 
In the case of the mutants that form constitutive hexamers solely in the presence of ATP, it 
is possible that alignment of the interface has only allowed for γ-phosphate sensing residues 
(R-fingers) to coordinate the complex into an active hexamer. There are also mutants that 
form constitutive hexamers only in the presence of high concentrations of nucleotide.  
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A Dynamic Interface 
AAA+ proteins need to oligomerise to form a competent ATPase site. To be able to achieve 
this, specific residues must lock into the correct positions on the adjacent protomer to form 
an aligned ATPase site.  It is no surprise that by mutating self-association determinants at 
the interface that ATPase activity is impaired.  
 
 
In most of these variants the change in ATPase activity does not serve as the obvious cause 
for altered RPo output. There are a number of reasons why this is possible; first and 
foremost being the fact that ATPase activity was assessed in the absence of DNA and σ54. If 
these mutants are stabilised by Eσ54-DNA, it is possible that the sum of the interactions will 
alter the interface of the PspF hexamer leading to an altered ATPase output, and possibly 
Table 3.1: Summary table of in vivo, ATPase and in vitro activity, where in vivo values are representative 
of expression of GFP. 
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also a tighter coupling of the ATPase to form RPo from RPc. It is, therefore necessary to 
extend  the assay in the presence of these additional components, which should hopefully 
lead to outcomes that will provide additional evidence that Eσ54-DNA is remodeling the 
interactions of the hexamer as a whole. 
Alignment of in trans residues is critical to a the ability of bEBPs to hydrolyse ATP and every 
variant has an affected ATPase activity. As none of these residues fall into any previously 
characterised motifs it is logical to infer that these indirect effects are due to misalignment 
of trans acting residues required for ATP hydrolysis or, in the case of the E200 mutants, 
more optimal alignment for ATPase function. ATPase activity depends on the dissociation 
constant and hydrolysis of each mutant. As E200 mutants display a gain of activity it is 
difficult to determine whether affinity for ATP or its hydrolysis has increased. 
As this study is an oligomeric based assessment it is important to view the ATPase activities 
of these mutants as a demonstration of the misalignment of self-association. But as we are 
trying to identify how these residues contribute to functional oligomeric assembly it is 
important to state that the function of this hexamer is to activate σ54-dependent 
transcription, where the functional oligomer occurs in complex with σ54 and DNA. So to 
effectively assay this complex, ATPase activity has to be assessed in complex with σ54 and 
DNA.  
When analysing this triad of residues, we want to be able to gain a level of understanding as 
to the role of each amino acid in oligomerisation. The conformation of the oligomer will also 
be dependent upon the way it interacts with RPc potentially making further adjustments at 
the interface level. 
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3.3 DISCUSSION 
The role of R227 in the E234-K30-E200 lock and proposed mechanism 
The Sensor II motif is responsible for nucleotide dependent oligomerisation and is present in 
all AAA+ proteins. It consists of a conserved arginine residue (R227 in PspF), which is 
thought to contact the γ-phosphate of ATP that in turn leads to conformational changes 
across the hexamer. The crystal structures of PspF1-275 under all nucleotide conditions show 
that E234 is located on the same helix as R227 and the translational changes from γ-
phosphate contact with R227 across this alpha helix could affect the properties of the lock 
(Figure 3.12). The proposed events that occur for interaction are as follows: 
1. In the apo-state hexamer it is possible that the electrostatic interaction between 
E234 and K30 is weakly skewed by E200 (located on an adjacent helix to E234). 
2.  When ATP binding occurs, R227 interacts with the γ-phosphate via an electrostatic 
interaction that causes the sensor II helix to move.  
3. This movement brings the K30-E234 interaction closer to the adjacent helix allowing 
E200 to form its own electrostatic interaction with K30, leading to the formation of a 
three way electrostatic interaction consolidating the active hexamer (as originally 
described in Figure 3.3). 
4. After ATP hydrolysis the Pi is released and R227 then forms a new electrostatic 
interaction with the β-phosphate of ADP causing the sensor II helix to rotate using 
the E234-K30-E200 lock as a pivot. 
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Figure 3.12: Interplay between two residues of 
the E234-K30-E200 lock and R227.  The sensor-II 
helix was isolated with an adjacent helix from the 
apo-PspF1-275 (cyan), AMPPNP-PspF1-275 (green), 
ATP-PspF1-275 (red) and ADP-PspF1-275 (orange) 
structures. 
Event 1 
The first event that occurs is proposed to be, 
primarily, an electrostatic interaction 
between K30 and E234, where the interaction 
with E200 is too far away to facilitate a strong 
interaction. The proof of an interaction 
between K30 and E234 comes in the form of 
the double mutant K30E-E234K where it 
elutes at the size of a constitutive hexamer in 
the absence of nucleotide. As this mutant has 
low ATPase activity a misalignment in trans 
residues may occur due to an interaction that 
locks the hexamer in this conformation. The 
mutant K30A forms three distinct oligomeric species in the absence of nucleotide (a 
hexamer, a tetramer and a monomer). As none of these oligomeric species seem to 
decrease in proportion when apparent octamer formation occurs in the presence of ATP, it 
is unlikely that these oligomers will be able to develop into functional hexamers. E234A, 
however, forms a monomer in the apo state. When both mutations are combined as a 
double mutant, K30A-E234A, the result is still a monomer in the absence of nucleotide 
indicating that the interaction formed by these residues is essential to apo-hexamer 
formation. K30D, K30E, and E234D are able to form a mixture of dimers and monomers 
showing that, firstly this triad is unproductive in hexamer formation when they are all 
negatively charged and that increasing the distance between the carboxyl group of E234D 
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and the NH3
+ group of K30 reduces the chance of a stable electrostatic interaction to occur 
between this pair. 
When considering the function of E200 in the apo-state it seems less likely that a mutation 
here would have an effect on hexamer formation based on structural information. E200A is 
still capable of forming a hexamer but significantly less so compared to wild type indicating 
that although the distance between E200 and the K30-E234 interacting pair is greater in the 
apo-state than in the nucleotide bound state, it is still contributing to the interaction despite 
the distance. Shortening E200’s main chain to E200D causes the formation of a dimer, which 
demonstrates the significance of E200’s contribution to this interaction. E200K eluted as a 
monomer, which is perhaps due to E200K forming a strong electrostatic interaction with 
E234, where an interaction with K30 would be energetically unfavourable.  
Events 2 and 3 
Upon ATP binding, R227 forms an electrostatic interaction with the γ-phosphate of ATP, 
translating to a movement in the sensor-II helix. This causes E234 to move closer towards 
the adjacent helix minimizing the distance between E200 and K30, thereby forming a more 
stable electrostatic interaction between the three residues. All variants were able to form 
an apparent octamer in 4mM ATP with the exception of K30D. This variant was not capable 
of forming any major oligomer in any of the gel filtration conditions but was surprisingly 
capable of hydrolyzing ATP. The low activity associated with this variant  indicates that low 
levels of constitutive hexamers are unlikely to be detected on gel filtration. 
All mutants displayed a concentration-dependent shift in oligomeric species from 0.4 mM to 
4 mM ATP (excluding K30D, E200A and K30E-E234K) where some were able to form a small 
proportion of “constitutive hexamer” species at lower concentrations of ATP and others 
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only appeared at the higher concentration (4 mM ATP). This consistent trend demonstrates 
that alterations to this triad of residues render the mutants less capable of nucleotide 
binding. This could be due to a set of mechanical inhibitions of sensor-II helix movements or 
due to the absence of a positively charged residue within this triad where ATP has to 
overcome the energy associated with repelling negative groups. E200A, however, has a wild 
type-like gel filtration profile. The absence of E200 may allow the sensor-II helix to move 
more freely allowing a more optimal interaction between the γ-phosphate of ATP and R227. 
The ATPase activity of E200A is 213% of wild type, which may be due to a higher affinity of 
ATP if R227 is able to act more freely in its interactions. Conversely, this increase in activity 
may also be due to a better alignment of trans-acting residues responsible for coordinating 
hydrolysis. 
Event 4 
ATP hydrolysis will lead to the release of an inorganic phosphate and probably the retention 
of ADP. Once the γ-phosphate of ATP is hydrolysed R227 forms an interaction with the β-
phosphate of ADP, where rotations of the sensor-II helix are achieved by using the E234-
K30-E200 triad as a pivot. 
The K30 single mutants are not capable of forming an apparent octamer in the presence of 
ADP even at higher concentrations. This demonstrates that, if this triad is forming a pivot, 
the rotatable axis must occur on the adjacent subunit to allow for structural transformations 
of the hexamer to prepare for ADP release.  The mutants E200K and E234K are also 
incapable of forming an apparent octamer in the presence of ADP suggesting that E200K is 
interacting strongly with E234, perhaps inhibiting the rotation of the sensor-II helix required 
for R227 contact with the β-phosphate of ADP.  
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Taken together these results indicate that there is an interplay between the residues of the 
oligomeric lock and R227. The self-association activity of the double mutant K30E-E234K 
confirms an interaction between this pair of residues. Moreover the equivalent charge swap 
in the co-dependent EBP complex HrpRS displays an interaction when assayed in the in vivo 
bacterial two-hybrid screen (Jovanovic, unpublished). E200 is proposed to be important in 
regulating the interaction of the K30-E234 pair. Nucleotide dependent changes in 
oligomerisation is largely affected by these mutations where an inability to bind to ATP or 
ADP may affect the ability of R227 to sense the terminal phosphate of the bound nucleotide. 
Although the ATPase activity of each mutant was assayed in the absence of Eσ54-DNA, it did 
indicate that E200 variants may have a higher affinity for nucleotide, offering structural 
insights into the role of E200 and Sensor-II organisation. The main caveat of the data lies in 
the ATPase assay, which was analysed in the absence of Eσ54-DNA. The information gained 
from ATPase, in vivo reporter and abortive assays has provided an insight into the external 
interactions that contribute to functional complex assembly, where interface alignment is 
likely to be dynamic and so continuously altered as RPc progresses to RPo. In summary, the 
data provides initial proof of this lock being both rigid and dynamic in function, serving as 
initial validation of the hexameric structural model of PspF. 
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Figure 4.1: Assembly pathway of the minichromosome maintenance complex Mcm2-7. “Unbound Mcm2–7 
can exist in an open, lock-washer or notched, planar configuration. Binding of GINS–Cdc45 stabilises the 
notched, planar Mcm2–7 state, whereas ATP binding promotes ring closure.” (Costa et al 2011) 
Chapter 4: Interface Organisation is Remodelled by σ54 
4.1 INTRODUCTION 
In this chapter I consider evidence that components of the RPc influence the functionality of 
the AAA+ domain of PspF by impacting on subunit interfaces. The minichromosome 
maintenance proteins (Mcm2-7) are AAA+ proteins involved in helicase deposition in DNA 
replication. Mcm2-7, Cdc45 and GINS associate to DNA in a highly regulated process 
involving many protein factors. Cryo-EM studies by Costa et al revealed conformational 
changes occurring in the Mcm2-7 hexamer, where (in the absence of GINS or Cdc45) it 
occurred as a planar, notched ring or a spiral, lock washer with a consistent gap between 
the protomers Mcm2 and Mcm5. The addition of Cdc45 and GINS, restrains the Mcm2-7 
hexamer to its notched planar form and the addition of the ATP analogue; ADP-BeFx (mimics 
the ATP ground state) causes the Mcm2-7 hexamer to close the gap between Mcm2 and 
Mcm5 and tighten the ring structure (Costa et al., 2011). 
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Like Mcm2-7, it is reasonable to propose that PspF undergoes conformational alterations to 
the hexamer when it is bound to its target substrate. A cryo-EM structure of Eσ54 in complex 
with a PspF hexamer bound to the transition state nucleotide analogue ADP-AlFx revealed a 
connecting density between PspF and RNA polymerase that was proposed to accommodate 
up to three L1s (Bose et al 2008). Recently PspF has been shown to make two contacts with 
Region I of σ54 (residues 18-25 and 33-39) and an additional contact with the -29 region of 
the promoter DNA (Zhang et al., 2012a). It is not known whether the two σ54 interacting 
loops contact Region I simultaneously or sequentially and if both are required for 
remodelling at the -12 region. These two contacts and the -29 DNA interacting loop, 
however, could also serve as a stabilisation mechanism that helps adjust the interface of the 
ATPase site, thus altering the hydrolysis output and or engaged state with the RPc. 
The E200-K30-E234 triad are important residues with respects to oligomerisation and serve 
as an insightful vehicle into understanding how the interface functions when challenged 
with differing nucleotide conditions. The objective of this chapter is to determine their role 
in interface organisation when PspF is bound to σ54 and DNA. 
4.2 RESULTS 
Native Gel-shift and spRNA assays 
As PspF is an activator of Eσ54 it is important to see not only how these variants function but 
also how other variables within the system may contribute to functional assembly. 
Therefore, the E200-K30-E234 variants were tested for their ability to activate Eσ54 in native 
gel shift assays on two promoter templates (88 nucleotides in length).  
The early melted promoter template (-12-11/WT) is formed from an oligonucleotide 
containing mismatches of the non-template strand at the -12 and -11 sites that are 
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subsequently annealed to the wild type template strand, resulting in a mismatched 
sequence at that position. This mismatch mimics the fork junction at the -12 site formed 
within the RPc. The late melted promoter (-10-1/WT) template contains a mismatched 
sequence between positions -10 and -1 that effectively mimics the state of DNA within the 
open complex (Cannon et al., 1999).  
Hexamer Configuration can Affect Engagement with σ54 
Addition of the non-hydrolysable ADP-AlF to PspF is thought to mimic the ATP transition 
state where a stable trapped complex is formed with Eσ54 thereby giving us a marker of the 
RNA polymerase intermediate state (RPi) en route to the RNA polymerase open state 
(RPo)(Figure 4.2C). By using this assay on both the early and late melted promoter probes it 
is possible to identify if the variants can bind to Eσ54 and determine if they bind in a 
template-dependent manner.  
Most of the variants were able to form a trapped complex with Eσ54 on the early melted 
probe signifying that they are capable of exposing their loops in the proper configuration for 
σ54 contact. Mutational studies by Zhang et al demonstrated that substitutions of residues in 
the GAFTGA motif render ADP-AlFx bound PspF, incapable of forming stable RPi complexes 
(Zhang et al 2012). Additionally, ADP-AlFx trapped complexes capture only stable hexamers 
of PspF and as these mutants are impaired in oligomeric function, they are expected to vary 
in their ability to bind to Eσ54 (Chen et al., 2007). K30D cannot form any complex higher than 
a dimer in solution and is thus unable to form the stable hexamer required for the ADP-AlFx 
complex. K30E and K30E-E234D are also unable to form trapped complexes presumably 
because each require high concentrations of nucleotide (2 mM ADP-AlFx in the “trapping” 
assay) to drive them into the active hexameric state (Figure 4.2 A & B).  
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Figure 4.2: Trapping of PspF variants in the intermediate state en route to RPo using the nucleotide analogue ADP-AlFx (2 
mM). A) Native gel shift assay using the radiolabelled DNA templates mimicking the early melted state (top) and the late 
melted state (bottom). Trapped complexes are labelled RPi and unengaged promoter complexes are labelled RPc. B) 
Intensities of bands corresponding to RPi were scored using the AIDA image analyser for both the early melted probe (dark 
grey) and the late melted probe (light grey) and presented as a percentage of wild type activity. C) A cartoon 
representation of the complexes displayed in (A). 
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Each of the variants displayed template dependent sensitivity in the “trapping” assay and so 
it is, therefore, important to understand how Eσ54 is behaving on these two templates. 
Region I of σ54 is responsible for interacting with PspF and has been proposed to interact 
with the -12 GC element. Although no direct observation has proven this, studies using 
FeBABe (an EDTA-chelated iron atom that tethers to cysteines, which acts as an artificial 
protease and cuts in or around the binding site of the cysteine) showed Region I was 
proximal to the -12 and not the -24 promoter sequences). The Region I deletion (ΔRI) 
mutant of σ54 is capable of binding like the full length variant of σ54 to wild type homoduplex 
promoter probes but is severely impaired in its binding to the heteroduplex early melted 
probe, thus suggesting that a nucleoprotein complex occurs between the -12 fork junction 
and Region I (Gallegos and Buck, 2000). On the late melted probe, ΔRI holoenzyme formed 
heparin resistant RPo in the absence of activator whereas Eσ54 shows a very much lower 
rate of spontaneous activator bypass activity on this promoter. This would suggest that the 
DNA of the late melted probe can be loaded into the active site of Eσ54 with Region I 
occluding the path to isomerisation. This is consistent with the proposal of Bose et al based 
on electron microscopy reconstructions and tentative identifications of the positioning of 
Region I sequences within protein complexes (Bose et al., 2008). 
K30A “traps” like wild type on the early melted probe but is unable to trap on the late 
melted probe. This could suggest that the configuration of the hexameric complex allows for 
an interaction with Region I-DNA but is unable to adapt its configuration to maintain an 
interaction with Region I on the late melted probe. 
E200A, E200D and E234A “trap” with a portion of Eσ54-DNA closed complexes, implying that 
only a portion of these variants are capable of forming stable hexamers on the early melted 
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probe. On the late melted probe, however, E200A and E200D trap like wild type and are the 
only mutants to display a significant increase in trapping on this promoter template. 
All of these variants display varying abilities to form a stable complex with Eσ54 and respond 
differently to the two promoter templates, most probably reflecting differences in 
accommodating the DNA fork junction in the early melted probe, and regions of single 
stranded DNA in the late melted probe, although the latter also lacks the mismatches of the 
early melted probe. For instance, K30D-E234K traps effectively to the early melted probe 
but reverts to wild type like levels on the late melted probe. The differences in template will 
have an effect on how Eσ54 is organised, both internally and externally. It is possible that 
these variants are responding to the DNA or organisational changes in Region I. Therefore, 
to gain a clearer picture of variant behaviour on these templates it is necessary to 
determine if they are able to couple ATPase hydrolysis energy with Eσ54 engagement. 
Interface Mutant Configuration is Template-Specific for Open Complex 
Formation 
Typically, heparin challenge is used to confirm the presence of open complexes (by 
destabilizing non-productive promoter complexes) (Figure 4.3C). Heparin is a negatively 
charged biomolecule often used to competitively bind to DNA binding proteins. It is capable 
of distinguishing between the less stable non-productive RPc compared to the more stable 
RPo. Once the template strand has been loaded into the catalytic cleft of Eσ54 and the 
complex is isomerised, RNA polymerase shields the DNA from the competitive binding of 
heparin. By challenging the promoter complexes with heparin, it is possible to determine 
the intensity of RPo formed by the PspF variants (Popham et al., 1989). Heparin is the 
standard DNA displacement assay in the Buck lab as historically some σ54 mutants have 
conferred resistance against high salt wash. 
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In studies on N64 of the glutamate switch of bEBPs, the use of the late melted probe has 
been shown to recover the activation deficiency of N64A, suggesting that there is less of a 
barrier to RPo formation for the PspF complex on this template (Joly et al., 2008). This is 
demonstrated by K30A, E200A, E200D, E200K, E234K and K30D-E234K, where RPo 
formation is increased on the late melted template. K30A, however, displays minimal 
binding to Eσ54 similar to K30D, K30E and K30E-E234D on this template (Figure 4.2 B). 
Although K30A forms a similar amount of RPi complexes to wild type on the early melted 
probe, it only forms 33% of wild type RPo. Efficient binding may not result in an aligned 
ATPase site on this probe but the opposite seems to apply to the late melted probe as 
binding and open complex formation have inverse values on both probes (Figure 4.2 B and 
4.3 B). This suggests that the different configuration of the closed promoter complex can 
have an effect on the way this particular variant associates, thus affecting its ATPase output. 
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Figure 4.3: The use of heparin to determine open complex formation by the PspF interface variants. A) Native gel shift assay using the 
radiolabelled DNA templates mimicking the early melted state (top) and the late melted state (bottom). PspF variants were left for 10 
minutes to remodel its substrate and challenged for a further 10 minute s with heparin (1 mg/ml) to destabilise RPc resulting in bands 
that correspond to RPo. B) Intensities of bands corresponding to RPo were scored using AIDA image analyser for both the early 
melted probe (dark grey) and the late melted probe (light grey) and presented as a percentage of wild type activity. C) Cartoon 
representation of RPc, RPo and the concept of the spRNA assay. D) spRNA assay from chapter 3 on the nifH supercoiled template. 
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E234A binds equally well to both promoter templates at approximately 65% of wild type but 
manages to form wild type-like levels of RPo. Conversely, E234D exhibits lower RPo 
formation than RPi for both templates. While the low level of RPo formation can be 
attributed to its low ATPase activity, E234A’s efficient RPo formation by E234A is more likely 
to be due to tighter energy coupling.  
K30D-E234K is the most efficient variant at forming complexes with Eσ54 on the early melted 
probe but progresses less than half of these complexes to RPo, whereas it forms the same 
amount of RPi as RPo on the late melted probe. This indicates a failure of DNA nucleation 
for DNA opening, or in binding the melted DNA in RPo. 
The charge swap substitutions K30E-E234K has low efficacy as an activator with 4%, 5% and 
8% of wild type activity in the spRNA, in vivo and ATPase assays, respectively. Despite having 
low activity it binds like wild type on both promoter probes, indicating that the loops of the 
hexamer are exposed and capable of interacting with Region I. K30E-E234K is not able to 
remodel the RPc to RPo on the late melted probe but displays wild type like levels when 
interacting on the early melted probe. As this variant has only shown an ability to remodel 
Eσ54 on this promoter probe, it is possible that it is mimicking a transition state where L1 is 
in the right position for disrupting interactions between DNA and Region I due to the static 
or reduced dynamic conformation of the hexamer (Figure 4.3 A, B and D).  
Burrows et al, demonstrated that a prehydrolysis state of PspF (facilitated by the addition of 
ADP-AlFx) was capable of productively coordinating the reorganisation of the Eσ
54 closed 
complex when bound to the late melted probe in an spRNA assay  (2010). As K30E-E234K 
demonstrated wild type-like RPi formation on both the early melted and late melted probe, 
this assay was used to determine the number of transcriptionally active RPi complexes 
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formed. As shown in Figure 4.4 K30E-E234K was able to produce significantly more spRNA 
than wild type, indicating that K30E-E234K is more active in its intermediate form than wild 
type.  
It is known that the energy from hydrolysis is relayed through PspF causing a set of 
movements in L1 but it is not yet understood how this mechanism promotes DNA melting 
and isomerisation of Eσ54. 
 
 
 
The nature of the promoter affects the ability of PspF to form an open complex. When 
spRNA assays are carried out on the nifH supercoiled promoter the level of spRNA produced 
is higher than on a linear promoter probe. This is partly due to the fact that the linear 
probes duplex strongly, as hydrogen bonding is not destabilised by supercoiled torsion. The 
supercoiled nifH template will have a more relaxed duplex allowing DNA melting to occur at 
a higher frequency than on a linear template melting. Some of the mutants displayed the 
same proportion of RPo to spRNA transcript suggesting that they depend on interactions 
with σ54 more than DNA as an additional component for stabilisation. The mutants that 
displayed a difference, however, are likely to depend on DNA interactions as well as with 
σ54.  
Figure 4.4: K30E-E234K RPo formation in the presence of ADP-AlFx. spRNA assay devised by Burrows et al, of the 
charge swap mutant K30E-E234K bound to ADP-AlFx where engagement of the PspF variant is sufficient to 
remodel a closed complex on the late melted probe (Burrows et al., 2010). Band intensities were scored using 
AIDA image analyser and are expressed as a percentage of wild type below each band. 
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UV photo crosslinking assays by Zhang et al provided evidence for a third loop engaging to 
the closed promoter complex at the -29 region of the promoter DNA (2012). This 
observation may correlate with the current data set, where the structure of supercoiled 
DNA may come into closer contact with the L1 loop of the -29 interacting protomer, thereby 
inferring that hexamer organisation of some of these mutants is skewed in shape either 
inhibiting or promoting this -29 contact. 
It is clear that different organisations of Eσ54 on the early and late melted promoter 
templates can cause these variants to behave differently with regards to RPi and RPo 
formation. Some of these variants exist as multiple oligomers and it is unclear which of 
these species trap with σ54. Additionally it must be determined whether the variants 
examined in this study are reacting differently due to the DNA, σ54, or a combination 
thereof. I addressed this by determining RPi complex formation on gel filtration. 
Gel Filtration 
PspF1-275 variants were assayed for their ability to interact with DNA, σ
54 and σ54-DNA. The 
DNA used was an 88 nucleotide long early melted probe as this would allow σ54 to bind 
tightly when PspF is assayed against σ54-DNA. Core enzyme was not included due to its cost 
and low available concentration. 
As the variants behaved differently in the presence of different nucleotides, they were first 
assayed in the presence of only ADP-AlFx. This revealed that most of the mutants, with the 
exception of K30D, K30E and K30E-E234D, eluted as a constitutive hexamer (data not 
shown). 
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In line with the evidence gained from native gel shift assays, K30D, K30E and K30E-E234D 
are the only mutants that are unable to detectably trap with σ54 and σ54-DNA. The gel 
filtration data shows that no other oligomers exist in the presence of a σ54 or σ54-DNA 
“trapped” complex in any of the mutants assayed (Figure 4.5). As the peak for σ54 and σ54-
DNA both elute at the same point as the dimeric form of PspF, it is possible that the mutants 
that successfully formed RPi could also occur as a dimer, thus accounting for varying peak 
sizes. K30D, K30E and K30E-E234D all form monomers in the presence of ADP-AlF, rendering 
them incapable of forming a stable hexamer necessary to bind with σ54-DNA. K30E and 
K30E-E234D, however, can form hexamers in the presence of ATP and ADP (as was 
identified in Chapter 3), form RPo on the early melted probe but not on the late melted 
probe. This shows that although these mutants can adopt the hexameric structures 
necessary to bind these nucleotides, they may not adopt the putative intermediate 
hexameric shape for RPo formation. This is likely to be reflected by a fully negatively 
charged interface triad, where K30, E200 and E234 (under wild type conditions) would assist 
the hexamer into switching from the ATP- to the ADP-bound state during hydrolysis.  
Unlike RPi formation with σ54 and σ54-DNA, gel filtration traces of the interface variants 
incubated with the early melted probe yielded a number of higher order complexes. The 
mutants K30E, E200A, K30A-E234A and K30E-E234D all form complexes whose molecular 
weight complexes cannot be determined in this study and will be considered as aggregate 
for the purpose of this thesis. One peak in particular is likely to reflect an ADP-AlFx bound 
Figure 4.5: Gel filtration traces of the interface variants assayed for their ability to form complexes with promoter DNA 
(PnifH “early melted” probe), σ
54
 (at a concentration of 20 μM) and a σ
54
-DNA mix in the presence of ADP-AlFx. The 
mutants were incubated for 10 minutes with ADP-AlFx and either DNA, σ
54
 or σ
54
-DNA and subsequently run on a Yarra 
SECS-3000 column at 1 ml/min. The elution point of the constitutive hexamer (marked under the first column) was 
determined to be the ADP-AlFx bound hexamer on a Biosep SECS-3000 column, which displays a different retention 
volume and was, therefore not included in these results.  
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hexamer attached to a linear promoter probe, which occurs in a number of these mutants. 
This species seems to be dominant, though, in the mutant K30E-E234K and the wild type 
form of PspF. Wild type did not show any obvious preference to the template or non-
template strand (added as single stranded oligos). For future investigation, each strand 
should be labeled with different fluorescent dyes and mixed to determine which of the 
strands has been bound more successfully, and anisotropy could be used to determine the 
KD, and determinants of binding polynucleotide worked out from the collection of PspF 
variants available. 
 
 
 
Figure 4.6: Gel filtration traces of the ability of PspF1-275 to associate with linear promoter DNA. A) Wild type form of 
PspF associates with PnifH with and without the nucleotide analogue ADP-AlFx. B) The PspF GAFTGA mutant T86A is 
unable to associate with PnifH. C) Determination of whether the wild type interaction with DNA is specific to a 
particular strand of the promoter DNA. D) The ability for wild type to bind to a non-σ
54
-dependent promoter PhrpJ. 
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It was important to determine whether the interaction between PspF and the nifH promoter 
probe was a specific interaction. Zhang et al, showed that the interaction of the -29 region 
of the promoter with PspF was mediated by the GAFTGA loop (2012). Using the synthetic 
amino acid, pBpa, they were able to crosslink to the -29 region of DNA at the G83 position of 
the GAFTGA motif.  To determine whether the interaction observed in Figure 4.6 A was L1 
loop dependent, the GAFTGA motif mutant T86A was, therefore, assayed for its ability to 
trap with DNA on gel filtration as this variant is not capable of interacting with RPc (F85A 
was not used as it is affected in its ability to oligomerise)(Bordes et al., 2003).  The T86A-
ADP-AlF-DNA mixture did not produce a species that eluted at the PspF-DNA elution 
volume, signifying that the threonine of the GAFTGA motif is essential to this interaction 
(Figure 4.6 B). Since the T86A variant shows few other defects (wild type-like: hydrolysis, 
self-association, ATP, ADP and ADP-AlFx binding), it seems T86 may well make an interaction 
with DNA. 
A study of amino acid-base interactions showed that although threonines have been shown 
to make contact with individual bases (with the exception of guanine), it is more likely to 
interact with the phosphate backbone of the DNA chain (Luscombe et al., 2001). As this only 
confirms an ability to interact with DNA, it does not prove any mode of specificity. Wild type 
PspF was, therefore, run with ADP-AlFx and the non-σ
54-dependent promoter hrpJ (from 
Pseudomonas syringae pv. Tomato DC3000). PhrpJ encodes recognition sequences for the 
alternative sigma factor HrpL and is part of the hypersensitive response and pathogenicity 
cluster of genes responsible for the formation of a type III secretion system in P. syringae. 
The PspF-ADP-AlFx-PhrpJ mixture eluted at a higher molecular weight than PspF-ADP-AlFx. As 
there is a shift of elution profiles after adding the PhrpJ promoter, it is likely that PspF is 
forming a non-specific contact via the phosphate backbone. PspF is likely to preferentially 
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bind to σ54 whilst using one of its subunits to consolidate an interaction with the closed 
promoter complex. The distance between two opposing subunits of PspF in a hexamer is 
approximately 40 Å, which is also the distance between the -12 region and the -29 region 
making PspF’s interaction with -29 one of a geometric consequence and not of a strong if 
any sequence specificity. As this is an ongoing study, the gel filtration peaks corresponding 
to a potential PspF1-275-DNA species will be fractionated, kinased with radiolabelled ATP and 
subsequently run on a native gel to determine if DNA is present. 
The only mutants that did not seem to form complexes with PnifH were K30D, K30D-E234K, 
E200K and E234D (Figure 4.5). K30D elutes as a monomer when exposed to ADP-AlFx, which 
serves as a possible reason for its lack of interaction with DNA. K30D-E234K, E200K and 
E234D, on the other hand, could be forming complexes that do not expose the GAFTGA loop 
for DNA contact. 
K30E and K30E-E234D cannot bind to ADP-AlFx (data not shown) but can form large 
complexes in the presence of ADP-AlFx and DNA. It was, therefore important to determine 
their reaction to DNA alone. Interestingly, both mutants formed the three oligomeric 
species that were distinctive of the K30 mutants (Figure 4.7). As both of these variants 
formed these species previously in the presence of ADP, they were assayed in the presence 
of AMP to determine if this was a reaction to an AMP contamination in the solution 
containing the oligonucleotides. Both mutants eluted as monomers in the presence of AMP 
(data not shown) confirming that the three oligomeric species resulted from the addition of 
DNA. This acts as further evidence that the three oligomeric species are non-productive 
complexes as they occur in the absence of nucleotide. K30D also displays traces of these 
oligomeric species when mixed with DNA. Why they occur in the presence of DNA is unclear. 
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Figure 4.7: Gel filtration traces of the interaction of the interface variants with DNA, σ
54
 and σ
54
-DNA without the 
aid of ADP-AlFx. PspF variants were incubated for 10 minutes at 37°C with either DNA, σ
54
 or σ
54
-DNA and 
subsequently run on a Yarra SECS-3000 column at 1 ml/min. Peak sizes were determined using the molecular 
weight standards: Thyroglobulin (669 kDa), Apoferritin (443 kDa), β-Amylase (200 kDa), Bovine serum albumin 
(66 kDa) and Carbonic anhydrase (29 kDa). The traces for K30A-E234A and K30D-E234K were noisy as low 
amounts of material meant that smaller samples were run. 
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All variants were screened for their interaction with DNA, σ54, and σ54-DNA in the absence of 
nucleotide. One of the most interesting observations was that both wild type PspF1-275 and 
K30E-E234K eluted at a higher molecular weight when in the presence of promoter DNA 
without the use of ADP-AlFx (Figure 4.7). This was not evident in native gel shift assays but 
may be more stable in the conditions of the gel filtration assay. 
When full length PspF binds to the UAS, it will be brought into proximity with the closed 
promoter complex by DNA looping. PspF must search in that proximal area not only for σ54 
but also for DNA and it serves as an interesting observation that this can be achieved in the 
absence of nucleotide. Although PspF1-275 may potentially bind to DNA in the absence of 
nucleotide, the same cannot be said for its interaction with σ54 as this can only be aided by 
the transition state analogue ADP-AlFx, the ATP ground state analogue ADP-BeFx, and more 
recently ADP-MgF3, which represents an early transcription intermediate state (Zhang and 
Buck, 2012). The Walker B mutant E108Q has been shown to bind to σ54, in the presence of 
ATP and itself eluted at a volume corresponding to a constitutive hexamer in the absence of 
nucleotide (Joly et al., 2007). Like E108Q the double mutant K30E-E234K elutes at the point 
of a constitutive hexamer in the absence of nucleotide but unlike any other variant of PspF, 
K30E-E234K was able to form a complex with σ54 in the absence of nucleotide. This property 
was also reproduced to a lesser extent with σ54-DNA. 
This observation suggests that this particular variant of PspF1-275 maybe adopting the 
conformation of a transition state hexamer. If the mutants that result in a negatively 
charged triad of residues at this point (namely K30E and K30E-E234D) are unable to form 
transition state hexamers when bound to ADP-AlFx but are able to elute as hexamers when 
bound to ADP and ATP, it is possible that K30E-E234K is doing the opposite. The K30-E200-
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E234 triad is most in use, it would seem, during the transition state where the hexamer 
needs to perform global movements to be able to facilitate a successful hydrolysis cycle. 
K30E-E234K appears to be locking the hexamer in this transition state making it an ideal 
candidate for crystallographic analysis after purifying the PspF-σ54 complex by gel filtration. 
K30E-E234K is not the only mutant that appears to be affected by the addition of σ54 in a 
nucleotide free environment. E234D elutes at the point of a hexamer in the presence of σ54 
but is unable to form this species when presented with σ54-DNA. In native gel shift assays of 
RPo formation, E234D formed an additional band to the Eσ54-DNA and σ54-DNA band (data 
not shown). This band is representative of a σ54-DNA species that is melted up to the -5 
position on the promoter and is termed the supershift complex (Buck et al., 2000a). It is not 
possible to determine if this new oligomeric species is a hexamer or a lower oligomer bound 
to σ54.  
These mutants provide an insight into the role that these residues have at the intermediate 
stage of closed promoter complex remodelling. Whether the K30-E200-E234 triad are 
involved in energy coupling or catalysis by facilitating the necessary global movements 
required to remodel σ54 is unclear. To determine whether this triad affects coupling or 
catalysis (or both), a hydrolysis assay in the presence of DNA, σ54, and σ54-DNA was carried 
out. 
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Figure 4.8: The ATPase activity of the PspF interface variants under four conditions: in the absence of substrate, with DNA, with σ
54
 
and with σ
54
-DNA. The steady-state ATPase activities (expressed as kcat) were measured at 37°C using a NADH-coupled ATP 
regeneration system in the presence and absence of 20 μM σ
54 
and 500 nM “early melted” promoter probe oligonucleotide (Norby, 
1988). Variants were assayed at concentrations between 1 to 5 μM and values displayed are the kcat at Vmax. E200K and E234K, 
however did not display the sigmoidal concentration relationship to activity that wild type displayed. See Figure 4.9 
ATPase activity 
Each of the interface variants were screened for their ability to hydrolyse ATP in solution but 
the rates of reaction for the majority of these mutants did not offer a simple correlate with 
the transcription activity displayed in vivo and in the in vitro spRNA assay (Figure 3.10 and 
Table 3.1). To have confidence in whether this activity difference was due to altered energy 
coupling, it was important to determine if this was caused by the addition of σ54, DNA and 
σ54 bound to DNA, which may be indirectly adjusting the interface via loop interactions. As 
these loops have been shown to interact on both DNA and σ54, the variants were assayed 
for ATP hydrolysis under these conditions, where the DNA used was an 88 nucleotide PnifH 
early melted probe for stronger σ54 binding.  
 
All of the variants displayed a difference in ATPase activity under these conditions and were 
allocated into three groups based on i) an increase in activity (Wild type, E234A, E234K, 
K30D-E234K), ii) a decrease in activity (K30D, K30E, E234D, K30A-E234A, K30E-E234D) and 
iii) minimal changes in activity (K30A, K30E-E234K, WT-R227A) (Figure 4.8). 
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Wild type PspF1-275 displayed sensitivity to σ
54 and σ54-DNA but no change when assayed 
with the early melted probe alluding to an ATPase site remodeling step that is σ54-
dependent (Figure 4.8). The loop interacting with the -29 region may, alone, not be 
sufficient for remodeling the ATPase site, where the engagement of two loops with σ54 
Region I provides the stabilization required for remodeling the catalytic site by providing a 
more optimal alignment of in trans R-fingers. 
E234A also displayed an increase in activity, but only in the presence of DNA and σ54-DNA. In 
the presence of σ54 E234A’s ATPase activity is unaffected, and as it has been shown to 
interact with σ54 in gel filtration assays this would indicate that Region I of σ54 is not able to 
have an effect on this complexes ability to hydrolyse ATP. The presence of DNA, however, 
causes E234A to achieve a higher ATPase output. A combination of σ54 and DNA allows 
E234A to perform even better in hydrolysis, which is perhaps due to a reorganized Region I, 
which in turn reorganizes the interface of E234A. Interestingly, K30A-E234A responds in the 
opposite manner to external factors, where addition of DNA or σ54-DNA has a weak effect 
on the ATPase activity of the complex. Mutagenizing K30 in an E234A complex to an alanine 
reverses E234A’s increase in hydrolysis with DNA and σ54-DNA. In an E234A complex, K30 is 
likely to be interacting with E200 as the only negatively charged residue in close proximity 
so by removing K30 it is likely to remove the restriction applied by the electrostatic 
interaction of this triad at this patch of the interface.  
E200 mutants, however, display higher hydrolysis rates to that of wild type. E200A has the 
highest ATPase activity, which indicates that the role of E200 is a restricting role when 
considering hydrolysis but RPo formation on the early melted probe is half of wild type, 
indicating a serious flaw in energy coupling. E200D has a higher kcat alone and with DNA 
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than wild type but displays wild type like levels when presented with both σ54 and σ54-DNA 
(Figure 4.8), perhaps alluding to a wild type like organization of the catalytic site but like 
E200A, E200D is only capable of remodeling half of the RPc that wild type can. Retaining a 
negative amino acid at the E200 position is not enough to allow the complex to efficiently 
remodel RPc in a native gel shift assay but both the spRNA and in vivo (Figures 3.8 and 3.9) 
assay show wild type like levels for both E200A and E200D. Both E200A and E200D display 
wild type like levels of RPo when complexes with the late melted probe, indicating that this 
residue plays an important role in producing the optimal position at the catalytic site for 
hydrolysis and translating that energy and or the associated conformational change in 
disrupting the nucleoprotein complex of Region I and DNA.  
For most assays E200K behaved like wild type with the exception of the spRNA assay and 
RPo formation (on the late melted probe) where it managed to produce more open 
complexes than wild type in both assays. Either in the presence or absence of DNA, the 
ATPase activity of E200K is higher than wild type but in the presence of σ54 and σ54-DNA it 
behaves like wild type. Unlike the other PspF variants, however, E200K never achieved Vmax 
in the ATPase assays and never exhibited the standard sigmoidal concentration dependency 
of PspF but a linear one (Figure 4.9 A). At a concentration of 50 μM (the concentration 
required to form a hexamer for wild type) E200K forms a monomer in the absence of 
nucleotide and with the evidence of the ATPase assay it is clear that this variant has been 
disabled in its ability to oligomerise in a concentration dependent manner. 
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It was previously described how two PspF L1s interact with two conserved patches of σ54 
Region I and how they play an inhibitory role in the activity of the RPi (Zhang et al., 2012). 
Alanine mutants of these patches (18-25, 33-39 and a combination thereof) were generated 
to determine their effect on RPo formation in spRNA assays when PspF was bound to ADP-
AlFx. The study showed that the 33-39 patch mutant had approximately 8 times more RPo 
Figure 4.9: ATPase activity as determined by the NADH-coupled ATP regeneration system developed by (Norby, 1988). 
A), B) and C) show the kcat (ATP turnover min
-1
) at increasing concentrations (x-axis) for E200K, E234K and Wild type 
respectively. D) The ability for PspF to hydrolyse ATP is limited at a concentration of 0.16 μM but is assisted by σ
54
. The 
σ
54 
variants of Region I were titrated to determine the effect they had on PspF (0.16 μM). Wild type and the patch 33-39 
mutant of σ
54
 were low in concentration, thus limiting the titrations that could be assessed. The concentration of σ
54
 for 
A), B) and C) was 20 μM. 
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than wild type with the double mutant and 18-25 patch mutant displaying 5 times more. 
The effect that these patches have on the ATPase activity of PspF was assayed by using a 
low concentration (0.16 μM) of the activator that is usually inactive in the absence of σ54. A 
titration of the σ54 variants shows that the 33-39 patch mutant promotes the highest level of 
ATPase activity whereas the 18-25 patch mutant is as effective as the deletion mutant Δ 
Region I. The double patch mutant caused PspF’s ATPase activity to strike a balance 
between the 18-25 and 33-39 patch mutants. Patch 33-39 clearly plays a role in limiting the 
ATPase activity of PspF whereas 18-25 seems to promote it. 
Another mutant that reflected E200K’s behavior was E234K (however E234K displayed a 
lower rate of catalysis overall). The linear relationship between concentration and kcat 
again points to a reduction in cooperativity between subunits for catalysis at the point of 
self-association (Figure 4.9 A and B).  
To further understand the cooperative binding mechanism of PspF, electrostatic maps of all 
PspF crystal structures were generated. It is evident that the monomer appears as a 
polarised magnet-like protein with one negatively charged patch and one positively charged 
patch on opposite faces (Figure 4.10). The striking presence of the negatively charged E200-
E234 pair on the positively charged face and the prominence of the positive K30 on the 
opposite face make this triad of importance in the oligomerisation of PspF. At a 
concentration of 20 μM PspF forms dimers but forms hexamers at 50 μM and above but 
hexamerises at low concentrations when in the presence of nucleotide (Figure 3.2). If this 
protein is electrostatically setup as a dimer in Figure 4.10 then at low salt conditions 
hexamerisation should occur despite low protein concentrations but in practice requires 
over double the concentration to form a hexamer. Presumably there is some subtle 
124 
 
interfacial difference between dimers and hexamers. Hexamerisation is induced, however, 
at 20 μM of PspF in the presence of nucleotide. Although it is difficult to define the 
mechanism of concentration dependence of PspF on these electrostatic representations 
alone, it is clear that the E200-K30-E234 triad occurs as a specialised lock of the 
complementarity of the interfaces. The location of these residues allows the protein to 
associate in a specific manner. By mutating these residues, we alter the secondary 
association mechanism of this protein (where the first is between the positive catalytic face 
and the negative face), thereby skewing the alignment of both faces. 
Both E200K and E234K will cause a higher positive charge on the positive catalytic face 
making recognition of K30 more difficult, thus disabling cooperativity between subunits. 
K30D, K30E and K30E-E234D have low ATPase activity as interface alignment cannot occur 
without the K30 recognition patch and the repelling negative charges at the E200-E234 
locus. 
Interestingly, the addition of σ54 promotes ATPase activity at a low concentration of PspF 
that is normally inactive (Figure 4.9 C). As oligomerisation of PspF is concentration 
dependent it does not form the ATPase site required for hydrolysis at low concentrations. It 
is possible that at this low concentration, σ54 is actively recruiting PspF to form an ATPase 
site with the aid of σ54 Region I. The addition of DNA has little effect on the ATPase activity 
of PspF, therefore, its interaction with DNA (shown in the previous gel filtration analysis) 
does not help to remodel the ATPase site of PspF. 
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Figure 4.10: Electrostatic surface representation of PspF1-275 of apo (PDB number 2C99), AMP-PNP (PDB number 2C9C), AMP-AlF 
(PDB number 2VII), ATP (PDB number 2C96) and ADP (PDB number 2C98) crystal structures. Electrostatic conversion was 
calculated by PDB2PQR with a PARSE force field and represented using the Pymol plugin APBS (Adaptive Poisson-Boltzmann 
Solver) tools where red represents a negatively charged patch, white represents a hydrophobic patch and blue represents a 
positively charged patch (Baker et al., 2001). 
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A native mass-spectrometry analysis by Zhang et al revealed that in the absence of σ54 PspF 
oligomerises into a heptameric complex in apo and nucleotide-bound states, which may 
cause the interfaces to be misaligned and hence result in poor ATPase activity (Zhang et al, 
2014). The addition of σ54, however, constrains the PspF complex into a hexameric species 
occupied by four nucleotides, which maybe the cause for a more effective ATPase output. 
The two leucine rich patches of σ54 Region I were proposed to trigger the conformational 
switch from a heptamer to a hexamer, where two independent L1s are responsible for 
binding to σ54 Region I. Patch 33-39 of σ54 Region I maybe limiting PspF’s ATPase activity by 
reducing the affinity for L1 where patch 18-25 seems to promote it. 
 
4.3 DISCUSSION  
Like K30E-E234K, the R-hand mutant R168A also occurs as a constitutive hexamer 
independent of concentration. The debate of whether R162 or R168 was the true R-finger 
was recently settled when, unlike R168K, R162K was still capable of producing remodeled 
substrate demonstrating that a positively charged residue is of more importance at that 
position, fulfilling the role of the R-finger. The equivalent residue to R168 in the ZraR 
hexameric structure, R301 was shown to be interacting with E366 (E234 in PspF). The 
hexameric model of PspF based off of the monomeric ADP-bound structure shows that R168 
is pointing in the direction of E234, however, the distance between both residues is 4.7 Å 
making it too far for the formation of a salt bridge. In the ATP-bound state PspF R168 is 
pointing toward the nucleotide with very little difference in side chain movements across 
the other monomeric structures. The monomeric structure that was meant to reflect the 
apo-state of PspF is the mutant R227A as it is not capable of sensing the γ-phosphate of ATP 
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(Rappas et al., 2006). This structure contains an ATP molecule that does not affect the 
movements of the sensor-II helix but attracts the side chains of the residues within the 
catalytic site, which includes R168 causing it to adopt the same side chain directionality as 
the ATP-bound structure. Therefore, it is not possible to draw any definitive conclusions as 
to the apo-state of PspF from this structure.  It was concluded in the previous chapter that 
E200 was not engaged to K30 in the apo-state but K30 was engaged with E234.  
Given that K30E-E234K and R168A both form constitutive hexamers in a nucleotide 
independent manner and that R168 looks to be en route to an interaction with E234 in the 
ADP-bound PspF hexameric model, it is likely that they both form constitutive hexamers for 
similar reasons. The distances between K30 and R168 are similar to the distances between 
E200 and E234 (Figure 4.11 C). If K30 were to interact with E200 and E234 were to interact 
with R168 then the hexamer would adopt a tighter planar hexameric structure that could 
correspond to the concentration dependent apo hexamer seen in gel filtration. 
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In the presence of ATP or ADP-AlFx, R227 effectively senses the γ-phosphate moiety of ATP, 
displacing E234 from its interaction with R168 to a shared interaction with K30 and E200, 
where R168 remains directed toward E234 in the ATP ground state (Figure 4.12 ATP 
binding). The rigidity of the E200-K30 and E234-R168 interactions is disabled once K30, E200 
and E234 form the salt bridge pivot that allows for the spiral hexameric configuration and 
R168 is directed toward the nucleotide during hydrolysis (Figure 4.12 ATP hydrolysis). Once 
the γ- phosphate has been hydrolysed off ATP, the resulting ADP causes R168 to point back 
Figure 4.11: Crystal Structure representation of the role of R168 in interacting with K30, E200 and E234. A) An 
AMP-AlF monomeric structure of PspF (PDB number 2VII) with the interface residues and R168 highlighted on 
opposite faces. B) A hexameric model of an apo state hexamer assembled in Maya (3D modelling software). C) 
The interface in the ADP-bound hexameric model of PspF highlighting the contribution of R168 to the interface 
triad. 
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towards E234 (Figure 4.12 ADP Bound) until the nucleotide is released, reinforcing the 
original E200-K30 and E234-R168 interactions in an apo state nucleotide binding site (Figure 
4.12 Apo-State). 
  
Figure 4.12: A model of the potential movements of the interface residues. In the Apo-state E234 interacts with 
R168 and K30 interacts with E200. ATP binding is sensed by R227, which shifts the Sensor-II helix and E234. This 
movement causes E234 to be equidistant between K30 and R168. During hydrolysis R168 points toward the 
nucleotide allowing E234, E200 and K30 form the pivot that will allow movements between subunits. Upon Pi 
release ADP interacts with the β-phosphate and R168 points back toward E234. The release of ADP allows the 
Sensor-II helix to return to the apo position, restoring the interaction between R168 and E234. 
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It is probable that R168A forms a constitutive hexamer at least in part because E234 is able 
to readily interact with the K30-E200 pair that would normally occur in nucleotide bound 
conditions. Similarly K30E-E234K is not able to interact with R168 as the similar positive 
charge of E234K disables this initial apo interaction due to repulsion. R168K also yielded a 
constitutive hexamer, where shortening the side chain could have an effect on the distance 
needed to make the interaction with E234. Another interesting feature of R168K was that it 
was able to maintain a wild type-like interaction with σ54. Unlike R168K K30E-E234K’s 
interaction with σ54 can be nucleotide independent making K30E-E234K a potential 
transition state mutant. 
The addition of substrate improves upon the ability of wild type PspF to hydrolyse ATP 
where the two patches of Region I are largely responsible for recruiting PspF complexes. 
Binding of two L1’s to Region I is likely to tighten the interactions within the nucleotide 
binding site, where the flexibility conferred by the K30-E200-E234 pivot enables the 
maneuverability necessary for interface remodeling.  
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Chapter 5: A Glutamate Switch Defective Variant of PspF 
Supports Slow, ATP Inhibited, Remodeling of its Target 
Transcription Complex. 
5.1 INTRODUCTION 
AAA+ proteins possess two motifs that co-operate to facilitate a successful nucleotide 
hydrolysis cycle. The Walker A and B motifs possess a number of conserved residues that 
coordinate the binding and hydrolysis of ATP so that the energy from this process is 
successfully relayed through the protein to achieve a remodelled target substrate. Within 
the Walker A motif is a conserved lysine that is responsible for neutralising the charge of the 
β-γ bridge oxygen atom of ATP. A conserved serine/threonine, also within this motif, 
coordinates a Mg2+ ion that indirectly stabilises the β and γ phosphate moieties (Walker et 
al., 1982) (Figure 5.1). The consensus sequence of Walker B is hhhhDE (where h represents 
any hydrophobic residue), where the aspartate acts in conjunction with the conserved 
serine/threonine of Walker A by coordinating the Mg2+ cation. The glutamate primes a 
water molecule that acts as a nucleophile to attack the γ phosphate of ATP (Figure 5.1). 
Figure 5.1: Schematic of essential residues required for ATP binding and hydrolysis. The serine/threonine of Walker A 
cooperates with the aspartate of Walker B to coordinate a Mg
2+
 ion that stabilises the β and γ phosphates of ATP. An 
in trans R-finger neutralises the charge of the γ phosphate allowing the glutamate of Walker B to prime a water 
molecule for nucleophilic attack on this phosphate. Figure adapted from Zhang and Wigley (2008). 
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In PspF the Walker A residue responsible for coordinating the Mg2+ cation is a glutamate 
(E43) that cooperates with D107 of Walker B. The in trans R-finger responsible for γ 
phosphate charge neutralisation has been recently determined to be R162 and the 
glutamate responsible for priming of the water molecule is E108 (Bordes et al., 2003; Joly et 
al., 2012). PspF uses the L1 loop to relay the energy derived from hydrolysis to its substrate 
(σ54). Co-ordinated movement of the L1 loop (for σ54 contact) is dependent on the 
nucleotide-bound state (of the bEBP) and is proposed to involve the glutamate switch pair 
N64-E108 (within PspF) as well as residues of the R-hand motif (Joly et al., 2012).  
 
 
The cycle of nucleotide binding and hydrolysis causes PspF to form at least two distinct 
conformations related to its functional state. Upon ATP binding, E108 senses the γ 
phosphate and, via N64, directs exposure of the L1 GAFTGA motif and its co-ordination with 
Figure 5.2: Overlaid structures of the glutamate switch of PspF1-275 in the ADP bound and ATP bound forms. 
ATP binding results in an ‘inactive’ ATPase state due to formation of the glutamate switch pair (E108-N64). 
Preventing glutamate from activating the incoming water molecule.  In the ADP bound state E108 no 
longer interacts with N64. 
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loop L2 through movements in two linker regions tied to N64. Post hydrolysis (i.e. in the ADP 
state), the N64-E108 interaction is disrupted (Figure 5.2) and the L1 loop is locked in a 
folded conformation. The conserved glutamate switch pair residues have been proposed to 
link the nucleotide-bound state to substrate binding in a bi-directional pathway. 
Mutations to the Walker B residues of PspF1-275 (D107A, D107E, E108A, E108D and E108Q) 
resulted in a number of phenotypes. All mutants were impaired in their ability to hydrolyse 
ATP and eluted in gel filtration assays at the point of a constitutive hexamer in a nucleotide 
independent manner (with the exception of E108D). Although these mutants were slow 
hydrolysers of ATP, they were still capable of forming open promoter complexes as 
interactions with σ54 were maintained and in some cases improved upon. The E108 mutants 
were capable of forming stable interactions with σ54 independently of ADP-AlFx but in the 
presence of ATP. A negatively charged residue at position 108, however, resulted in less 
stable PspF1-275- σ
54 complexes in the presence of ATP (E108D and wild type). Additionally, 
E108 variants displayed varying sensitivity to DNA conformation of promoter complexes, 
yielding three additional complexes that are believed to be evidence of additional 
intermediate complex stages during hydrolysis (Joly et al., 2007). Moreover, both E108A and 
E108Q bind to ATP with a higher affinity than wild type (Joly et al., 2012) 
Of all the mutants assayed, the charge swap mutant E108Q produced the most stable 
interaction with σ54 in the presence of ATP. In this study we use E108Q to examine the role 
of the glutamate switch in co-ordinating substrate remodelling (i.e. Eσ54 open complex 
formation). 
Some results of this chapter were obtained in collaboration with Patricia Burrows (PCB) and 
members of the Zhang lab as indicated in the figure legends. 
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5.2 RESULTS 
E108Q has been shown to have a high affinity for ATP and is capable of forming a tight and 
stable interaction with Eσ54, yet it is impaired in its ability to remodel closed promoter 
complexes at physiological ATP concentrations. The variant was assayed for its ability to 
remodel Eσ54 engaged to the late melted promoter probe (-10 to -1 bubble) using spRNA 
transcripts as a marker of open complex formation. As can be seen in Figure 5.3, E108Q is 
capable of forming open promoter complexes at low concentrations of ATP but is inhibited 
by higher concentrations. Wild type PspF1-275, however, is not capable of remodeling open 
complexes at the low concentrations of ATP that E108Q operates with. 
 
 
 
The remodeling activity of E108Q is inhibited more than wild type at higher ATP 
concentrations, reflecting a need for a mixed nucleotide bound state, where wild type fails 
with low ATP due to a largely uncoupled ATPase, which consumes ATP without completing a 
remodeling event. 
The E108 variants, E108A (side chain removal), E108D (retain negative charge but shortened 
side chain) and E108Q (maintains side chain geometry while replacing a side chain branch 
with NH2) serve as useful tools for assessing the precise functionality of E108. By applying 
Figure 5.3: A spRNA assay on the late melted promoter probe. E108Q and wild type variants of PspF1-275 
were assayed for their ability to form open promoter complexes at varying concentrations of ATP. E108Q 
operates at a lower concentration range of ATP than wild type. As E108Q had an increased affinity to ATP, it 
was confirmed using a nano-drop that it was purified in its apo form (P Burrows, personal communication). 
Results credited to PCB and EML. 
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these variants to spRNA assays on both a homoduplex and early melted promoter template 
we can determine the effect these mutations have on activating differentially melted 
promoter complexes. 
 
On both promoter probes E108D was able to remodel promoter complexes in a wild type 
like manner where the presence of 2mM dATP is required for activation (Figure 5.4). E108A 
and E108Q have previously been shown to have a higher affinity to ATP than wild type, 
which is evident in the mixed nucleotide-remodelling assay, where 0.02mM of ATP is 
sufficient for transcription activation. Unlike E108A, E108Q can support transcription 
initiation on homoduplex DNA, where tolerance to ADP suggests that like wild type it 
functions in a mixed nucleotide bound state. 
Figure 5.4: E108 variants (E108A, E108D and E108Q) were subjected to the spRNA assay under differing 
nucleotide conditions on the homoduplex and early melted probes. Results credited to PCB 
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The glutamate switch acts as an important modulator of the activity of PspF and by using 
E108Q as a tool we can attempt to determine in trans regulators that affect the ATPase 
activity of this enzyme. Dependency on other essential residues was assessed by purifying 
double mutants. The relationship between E108Q and the GAFTGA motif was assessed by 
assaying E108Q-F85Y, E108Q-T86A and E108Q-T86S. F85Y was impaired in its ability to 
hydrolyse ATP and form open promoter complexes but was still able to maintain an 
interaction with σ54, providing evidence for a potential internal communication pathway 
that may involve the glutamate switch. T86A, on the other hand, has wild type-like ATPase 
activity but is unable to form any interaction with σ54 (Bordes et al., 2003). Bordes et al., also 
showed that T86S is unaffected in its ability to hydrolyse ATP and is capable of interacting 
with σ54 but like T86A cannot form open promoter complexes. As can be seen in Figure 5.5 
E108Q-T86A is not capable of forming any open promoter complexes and E108Q-F85Y 
produces less RPo than E108Q, implying that RPc remodeling is dependent on the integrity 
of L1. spRNA transcript formed by E108Q-F85Y, however, may be due to attenuated 
communication between L1 and the ATPase site. 
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The relationship with E108 and the R-hand motif residues R162 and R168 were assessed by 
assaying E108Q-R162A, E108Q-R162K, E108Q-R168A and E108Q-R168K. Both R162A and 
R168A have no ATPase activity, decreased ATP binding and are incapable of remodeling Eσ54 
into an open complex (R162A interacts with σ54, where R168A does not) (Schumacher et al., 
2004). R162K is capable of recovering a small but significant ATPase activity and remodeling 
Eσ54 closed promoter complexes, while R168K interacts with σ54 in a wild type-like manner 
but fails to hydrolyse ATP or remodel its substrate (Joly et al., 2012). Unlike R162A and 
R168A, E108Q double mutants incorporating these mutations were able to form open 
promoter complexes although at lower levels of wild type (Figure 5.5). The presence of an 
arginine in R162A and R168A may be compensated by the presence of a positive charge 
from E108Q in the ATPase site. 
Figure 5.5: spRNA assay of PspF1-275 variants at 0.02mM and 2mM ATP. The single amino acid variants of 
residues hypothesised to be involved in glutamate switch regulation were assayed (top set) and the 
double mutants that incorporate the single aa substitutions (bottom set). Results credited to PCB and 
EML. 
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The trans acting protein PspA negatively regulates the remodeling activity of PspF. PspF 
bound to PspA is capable of interacting with σ54 but fails to hydrolyse ATP, thereby 
implicating an internal mechanism that inhibits ATPase activity. The PspF1-275 variant W56A 
escaped negative regulation of PspA and by producing E108Q-W56A it will be possible in the 
future to determine if ATPase inhibition from PspA is mediated via the glutamate switch 
(Elderkin et al., 2005). As for E108Q-W56A’s remodeling activity, it can be seen that the 
W56A mutation has no effect on E108Q’s ability to form RPo (Figure 5.5).  
Binding of PspA to N64 (of the glutamate switch) variants had no negative effects on ATPase 
activity acting as further evidence of the negative influence of PspA on the glutamate 
switch. Double mutants of E108Q-N64A and E108Q-N64Q did not form any product in the 
spRNA assay (data not shown) but E108Q-N64S (Figure 5.6) displayed a modest 
improvement on E108Q’s ability to form RPo. Of the N64 single amino acid variants, N64S 
like E108Q was the only variant to elute at the point of a constitutive hexamer in the apo 
state in gel filtration experiments (Joly et al., 2008).  
Figure 5.6: spRNA assay of E108Q, N64S and the double mutant E108Q-N64S. Results credited to PCB. 
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Hexamerisation has been linked to nucleotide binding and is the pre-requisite for ATP 
hydrolysis. To investigate if the reduced ATPase activity is due to impaired hexamerisation, 
we assayed the oligomerisation state of PspF1-275 variants using gel filtration. In the absence 
of nucleotide, wild type PspF1-275 exists primarily as dimers but shifts to a predominately 
hexameric peak upon ATP binding. E108Q occurs as a hexamer irrespective of the 
nucleotide present, suggesting that the reduced ATPase activity is due to a reduced 
hydrolysis reaction per se, and not due to gross defects in hexamerisation nor nucleotide 
binding (Figure 5.7). 
The lack of remodeling activity from E108Q-N64A and E108Q-N64Q can, in part, be 
attributed to their inability to form a hexameric species (data not shown). In gel filtration 
experiments these double mutants eluted as aggregate in the void volume of the column. 
The presence, however, of 0.02mM ATP promotes the formation of a subtle peak at the 
Figure 5.7: Gel filtration traces of the wild type and E108Q PspF1-275 variant run either in the absence of 
nucleotide (black) or in the presence of 0.4mM ATP (grey). Results credited to EML. 
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point of a constitutive hexamer but this may not be sufficient in amount for remodeling of 
RPc (Figure 5.8). The remaining E108Q double variants eluted at the point of a constitutive 
hexamer suggesting that oligomerisation is not the rate-limiting step of their impaired 
ability to remodel Eσ54-DNA. 
The ATPase activities of these double mutants were assayed in the NADH-coupled 
regeneration system developed by Norby (1988). ATP concentration was titrated across 
each double mutant from a concentration of 0.025mM and 0.09mM. No activity, however, 
was detected (data not shown). The sensitivity of this system cannot detect below 1.5% of 
the hydrolysis rate of PspF1-275. As E108Q has been shown to have a hydrolysis rate less than 
1% of wild type, the results of this assay does not establish an inability to hydrolyse ATP but 
a possibility to equal the low rate of E108Q. A selection of these mutants were then 
subjected to a radioactive based ATPase assay where the migration of α-labelled (32P) ATP 
on a thin layered chromatography plate provided the sensitivity required for the detection 
of slow hydrolysing mutants. 
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Figure 5.8: Gel filtration traces of the E108Q double mutant variants. Secondary mutations of PspF1-275E108Q have been 
implicated in the involvement of the glutamate switch and were assayed under three nucleotide conditions (without 
nucleotide, +0.02 mM ATP or + 0.4 mM ATP). E108Q-R162K, E108Q-R168A and E108Q-R168K were not assayed in the 
presence of 0.02 mM ATP due to a shortage of protein stock. Results credited to EML. 
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As many of these single mutants were implied to have an effect on the glutamate switch, 
where substrate binding is linked to the ATP binding sites, we next investigated the ATPase 
activity of these double mutants in the presence of RPc (Eσ54-DNA). 
 
 
 
 
As can be seen in Figure 5.9 the ATPase activity of wild type PspF1-275 is not detectably 
stimulated by binding to its substrate. As the wild type reaction has gone to completion it is 
not possible to determine whether RPc stimulates wild type activity. Future work will be 
focused on attaining earlier time points in the hydrolysis reaction so that a definitive 
conclusion can be drawn. The hydrolysing activity of E108Q, however, is stimulated by 
binding to closed complex, displaying a four-fold increase in ADP product at a low 
concentration of ATP. Substrate interaction depends upon the integrity of the GAFTGA motif 
Figure 5.9: E108Q variants ability to hydrolyse ATP in the presence of RPc. Radioactive ATPase activity 
assay where 
32
P labelled ATP migrates faster depending on the loss of the γ-phosphate on a thin layer 
chromatography plate. Mutants were assayed in the presence of either 1mM ATP (left panel) or 0.1mM 
ATP (right panel) in the absence or presence of RPc. Results credited to PCB and EML. This assay requires 
repetition  before any definitive conclusions can be made 
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and by mutating T86A and F85Y the stimulatory properties of RPc is abolished. Where the 
inability of E108Q-T86A to remodel RPc in the spRNA assay can be largely attributed to its 
inability to interact with RPc, the basal ATPase activity is similar to that of E108Q in the 
absence of RPc. Interestingly, E108Q-F85Y has a lower ATPase activity than E108Q indicating 
that the relationship between F85 and E108 are important aspects of achieving an efficient 
hydrolysis cycle. Although E108Q-F85Y shows a modest reaction to the stimulatory effects 
of RPc, the F85Y mutation seems to be further inhibiting the poor rate of hydrolysis E108Q. 
The addition of RPc to E108Q-W56A shows the same stimulatory effects that can be seen in 
the case of E108Q, indicating that closed complex does not have an effect through W56.  
The altered properties of E108Q on ATP binding and hydrolysis has resulted in altered 
kinetics of RPo remodelling, where the presence of RPi occurs solely in the presence of ATP. 
As can be seen in Figure 5.10 E108Q forms RPi with σ54 independent of the nucleotide 
analogue ADP-AlFx but in the presence of 0.02mM ATP. 
  
 
Figure 5.10: Gel filtration traces of wild type PspF1-275 trapped with σ
54
 using the nucleotide analogue ADP-
AlFx and E108Q trapped with σ
54
 using 0.02mM ATP. Wild type and E108Q were incubated at 37°C to 
stimulate trapping to σ
54
 for a period of 10 minutes, prior to being run on a gel filtration column. Results 
credited to EML. 
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Native gel shift assays revealed a slower migrating species, reminiscent of RPi complexes 
consisting of E108Q and Eσ54-DNA (Figure 5.11A). The kinetics of E108Q was assayed in a 
native gel shift assay, where heparin is used to destabilise non-productive closed complexes 
resulting in heparin stable open promoter complexes. As can be seen in Figure 5.11 B the 
concentration of ATP determined the intensity of a given complex that is dependent on an 
intact GAFTGA motif.  
 
 
 
 
At non-inhibitory levels of ATP the predominant species was the RPi complex. Interestingly, 
this complex is stable under heparin challenge and is distinct from open complex and so is 
most likely to represent a set of transcriptional intermediates between RPc and RPo. The 
formation of RPo by wild type PspF1-275 peaks at 2 minutes and decreases over the period of 
Figure 5.11: E108Q kinetics of open complex formation using a native gel shift assay. A) The DNA 
competitor heparin was used to destabilise closed complex, resulting in the heparin resistant RPo 
species. B)Open complex bands were quantified from (A) using AIDA image analyser and plotted as a 
graph over time. Results credited to EML 
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the assay. Despite being heparin resistant RPo does not persist over time and decays. As can 
be seen in Figure 5.11B, E108Q takes an additional 23 minutes to reach a similar level of RPo 
formation to wild type under non-inhibitory conditions. 
It is possible to consider that the accumulation of these additional intermediate complexes 
formed by E108Q could result in complications for establishing promoter dependent 
transcripts after the formation of the open promoter complex. To address this E108Q was 
tested for its ability to activate Eσ54-DNA in a full-length transcription assay opposed to 
spRNA assay. Although E108Q was still slower than wild type, the apparent trapped 
complexes did not hinder promoter escape as E108Q supported full-length transcription 
(Figure 5.12). 
 
 
To help understand the biochemical properties of E108Q and the structural basis for the 
glutamate switch, Zhang and colleagues determined the crystal structures of PspF1-275
E108Q in 
the absence of nucleotide, in the presence of Mg2+ ATP and Mg2+ ADP (Figure 5.13 B). These 
three structures offer the ability to analyze the conformations adopted under these 
conditions of the impaired glutamate switch mutant E108Q. The structures were rebuilt and 
refined using wild type PspF1-275 structures as a model. 
Figure 5.12: A time course of a full-length transcription assay performed on the nifH supercoiled template. 
Both wild type and E108Q were assayed under optimal ATP concentrations. Results credited to PCB. 
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In the ADP-bound structure of wild type PspF1-275 E108 does not interact with N64 and the 
positioning of L1 is in a locked state that disables it from interacting with σ54. Binding of ATP 
releases L1 in a dynamic conformation that is able to facilitate an interaction with σ54 at the 
same time as restoring an interaction between E108 and N64 (Figure 5.13A). The mutant 
structures, however, demonstrate that E108Q is interacting with N64 in both the ATP and 
ADP bound states (Figure 5.13B). 
 
 
 
In order to gain a further understanding of the structural basis of E108Q’s distinct 
biochemical properties, comparisons of wild type and E108Q structures were compared to 
analyze the interaction network of the key residues involved in hydrolysis.  
The most striking structural difference between wild type and E108Q is the positioning of 
E108 and Q108 in both ADP-bound structures. When aligning these two structures distinct 
conformational differences in two residues of the R-hand motif R162 and D164 occur (Figure 
5.14 A). These conformations are adopted in response to a network of water molecules 
within the nucleotide-binding pocket that mediates the hydrogen bonding interactions of 
Figure 5.13:  Overlaid structural representation of the “glutamate switch” in Wild Type A) and E108Q B) 
variants in differing nucleotide bound states. ATP-bound (2C96) and ADP-bound (2C98) Wild type structures 
(Rappas et al., 2006). E108Q mutant structures were from X Zhang. 
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these residues, including R227 of sensor II. As can be seen in Figure 5.14B and C the 
difference in the water molecule network configuration of wild type and E108Q structures 
have an effect on side chain conformations. Within the wild type ADP-bound structures 
both E108 and D164 hydrogen bond with proximal water molecules.  
In the ADP-bound state E108 has been shown to interact with T148 of the sensor I motif via 
a water molecule. The hydroxyl group of E108 responsible for interacting with this water 
molecule in the ADP-bound state (OE1 in Figure 5.14B) is replaced by a NH group in Q108 
disabling it from interacting with the proximal water molecules. The lack of this water-
mediated hydrogen bond enables Q108 to maintain its interaction with N64 through the 
hydroxyl group OE2 (Figure 5.14C). This, in turn restores the electrostatic interactions 
between OE2 of Q108 and R162, causing R162 to come into close enough proximity to D164 
so that another electrostatic interaction between the R-hand residues can occur (Figure 
5.15C). 
The configuration of these residues in the E108Q ADP-bound structure is very similar to the 
wild type ATP-bound structure, where the interactions are primarily electrostatic in nature, 
involving E108, N64 as well as R162 and D164 from adjacent protomers (Figure 5.14 D, E & 
F). In the ATP-bound structure of Wild type PspF1-275, E108 is engaged with N64 via OE2 and 
is not in the optimal conformation for priming a water molecule for nucleophilic attack of 
the γ-phosphate of ATP. This ATP-bound state has, therefore, been termed an inactive state. 
In line with this, both nucleotide-bound structures of E108Q reflect this “inactive state”, 
where an inability of Q108 to bind to water molecules for nucleophilic attack causes it to 
remain engaged to N64. 
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Figure 5.14: Comparisons of WT and E108Q nucleotide binding pockets. A) Superposition of WT and E108Q ADP states. B) WT ADP states showing key interactions involving OE1. 
C) E108Q ADP states showing interactions involving OE2. D) Superposition of WT and E108Q ATP states. E) WT ATP states showing key interactions involving E108. F) E108Q ATP 
state showing key interactions. Results credited to members of X. Zhang lab. 
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5.3 DISCUSSION 
E108 not only acts as an essential residue by polarising water molecules for hydrolysis but also 
regulates a network of interactions within the nucleotide binding site.  The data presented here 
suggests that alterations to E108 also alter the substrate binding properties. The structural data 
shows that E108Q is impaired mainly in its ability to interact with water molecules, whereas its 
engagement with N64 seems to be unaffected. Although this data only provides two inactive 
snapshots of the ATPase catalytic site, E108Q is still capable of hydrolysing ATP at a slow rate. 
This could suggest an alternative less effective mode of action of hydrolysis, perhaps by the 
stochastic freeing of Q108 from N64 releasing the hydroxyl group for water molecule priming. 
E108D is a slower substrate remodeller than wild type but is still capable of forming in time 
higher amounts of RPo to wild type (Joly et al., 2007), presumably because of ATP consumption 
limiting further RPo formation in wild type (where an ATP regeneration system would help 
determine if this is the case). E108D was also shown to have a slow ATPase activity. Shortening 
the side chain but retaining the two hydroxyl groups would potentially enable it to prime the 
water molecule necessary for hydrolysis, which is conducive to the ADP-bound structure, where 
interactions are all water mediated. Distance between residues, however, is an important factor 
to consider in the ATP-bound state as the interactions are predominantly electrostatic in nature 
and the shortening of the side chain could potentially inhibit a salt bridge from forming between 
E108D and N64. Therefore, it is reasonable to consider that the catalytic site of E108D would 
adopt the configuration adopted in the wild type ADP-bound state. A lower rate of hydrolysis 
could also be attributed to side chain length, where the larger the distance between D108 and 
the water molecule, the weaker the hydrogen bond and the higher the frequency of losing that 
interaction. 
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Like E108Q, E108A has a high affinity for ATP but a low rate of hydrolysis. It is less successful at 
remodelling RPc to RPo than E108Q but this is not as a result of weak substrate interactions as 
the addition of ATP allows E108A to form RPi with σ54. The absence of a side chain demonstrates 
that hydrolysis may occur through a less suitable but alternative method of hydrolysis. It is not 
certain whether hydrolysis is a stochastic process in this mutant or if it is mediated by another 
residue at the catalytic site. Increasing the positive charge, however, in this nucleotide binding 
site leads to an increased affinity for ATP, where E108Q has a higher rate of hydrolysis and 
remodeling capacity.  
The ATPase activity of E108Q is improved upon four-fold by the binding of substrate, implying 
that an internal communication mechanism is occurring. This substrate-mediated improvement 
is dependent upon the integrity of the GAFTGA motif. Where T86 is necessary to form the 
interaction with σ54, F85 seems to be involved in transmitting this interaction to the glutamate 
switch as well as being involved in binding. How this stimulation is communicated via F85 is still 
uncertain. The ATP- and ADP-bound structures of E108Q shows that the catalytic site is in the 
same electrostatic based configuration of the wild type ATP-bound structure. If there is indeed 
intercommunication between the GAFTGA loop and the glutamate switch, then the fact that 
E108Q is perpetually engaged with N64 may not allow this signal to be relayed to GAFTGA motif 
thereby causing this mutant to be consistently and in an unregulated way engaged to its 
substrate. In the apo structure of E108Q, the glutamate switch is not engaged, where the 
addition of ATP causes Q108 to perhaps maintain an interaction with N64 and so stably form RPi 
with σ54. This evidence again indicates towards an internal communication pathway between 
this switch and L1. The inability of E108Q to trap with σ54 is not surprising in the presence of ADP 
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as addition of closed complex stimulates ATPase activity. This causes the catalytic site to adopt 
an additional configuration that may not be reflected by the ADP-bound structure of E108Q.  
Taken together these results show how the glutamate switch residues serve to regulate ATPase 
activity. Target substrate binding has effects on these E108Q variants and it is clear that internal 
communication pathways are acting through the glutamate switch. It is yet to be determined if 
PspA affects ATPase activity via this switch but previous findings seem to indicate the 
involvement of N64 (Joly et al., 2008). E108 has been shown to be the key residue involved in 
coordinating movements of other key residues at the catalytic interface making it an essential 
regulator of ATP hydrolysis.  
 
 
 
 
 
 
 
 
 
   
152 
 
Chapter 6: Binding of Sigma54 to the -12 Element 
6.1 INTRODUCTION 
A cell is successful in its lifecycle if it is able to properly regulate gene expression in response to 
the biotic and abiotic factors that it regularly faces. DNA binding proteins are the key to 
achieving this regulation and it is their ability to find and function from their target sequence 
that gives the cell an advantage in adverse conditions. As is always the case in biology, protein 
behavior is determined by a mixture of factors but the two major contributing factors of specific 
DNA sequence recognition are shape readout and base readout. DNA can adopt a variety of 
helical topologies and has various deformations in the DNA helix but the most common 
structural form in biology and the most recognized by DNA-binding proteins is B-DNA (Leslie et 
al., 1980). In B-DNA the structure exhibits a wide, shallow ridge and a deep, constricted ridge 
that both form the major and minor grooves of B-DNA, respectively (Shakked and Rabinovich, 
1986).  
 
 Figure 6.1: The electrostatic potential of GC and AT rich B-DNA. The electrostatic potentials were calculated 
by solving the Poisson-Boltzmann equation with DelPhi. Figure adapted from (Rohs et al., 2009). 
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One of the major observations of B-DNA is that the minor groove is more electronegative than 
the major groove (Figure 6.1). GC- or AT-rich B-DNA display differences in electronegativity as 
polar groups are exposed at the base edges, where the GC-rich minor grooves are by in large, 
less electronegative than its AT- counterpart (Jayaram et al., 1989; Lavery and Pullman, 1981). 
The overall negative charge of DNA has caused the proteins that bind to them to frequently use 
mainly of positively charged residues for binding to it. There are large number of DNA binding 
motifs that proteins employ to efficiently bind to DNA but by far the most frequently 
represented structural motif is the helix-turn-helix (HTH). One helix within this motif is 
responsible for binding to DNA through an array of hydrophobic interactions and hydrogen 
bonds with bases and is, as a result, termed the “recognition helix”. The other helix acts as a 
stabiliser between the protein and DNA but is not directly involved in recognition. 
A HTH was predicted to occur in Region III of σ54 where four residues that occurred in the second 
helix were proposed to be solvent exposed and act as major determinants for binding to the -12 
element of the σ54 promoter (Coppard and Merrick, 1991; Dodd and Egan, 1990; Merrick and 
Chambers, 1992). The four residues that were studied in the Klebsiella pneumoniae form of σ54 
were E378, S379, S382 and R383. Merrick and Chambers found that amino acid substitutions of 
E378 and S382 had little effect on σ54 activity, whereas S379 could only be substituted with a Thr 
or an Ala to conserve σ54 activity and R383 was not functionally replaceable by any of the 
residues tested (Merrick and Chambers 1992). Mutants of S379 and R383 has been shown to 
negatively effect promoter occupancy in previous DNA binding assays, which led to the 
conclusion that these residues make direct contacts with DNA (Pitt et al., 2000; Wigneshweraraj 
et al., 2001). FeBABE tethered to R383C failed to cleave promoter DNA and so it was concluded 
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that mutations at this position led to an altered protein structure that was unable to efficiently 
bind to DNA (Wigneshweraraj et al., 2001). 
The residue E305 in σ54 of Aquifex aeolicus was proposed to interact with the -12 element of the 
native DhsU promoter (S Darst, E Campbell personal communication). A mutant form of this 
residue (E305A) exhibits increased promoter binding (in a filter binding assay) and has been 
termed a “super-binder”. The equivalent residue in K. pneumoniae is E378 (Figure 6.2A). Note 
that σ54 from A. aeolicus lacks the acidic region II accounting for some of the size difference. The 
presence of a negatively charged residue such as Glu is not commonly found to be a DNA binding 
determinant in proteins but of the DNA binding proteins that do incorporate this residue it was 
found that they preferentially interact with cytosine (Luscombe et al., 2001). More recently a 
structural study of the Fischerella transcription factor HetR showed how a Glu residue (E71) 
within the HTH domain of this protein managed to make contacts with three consecutive 
cytosines (Kim et al., 2013).
 
 
 
 
 
Figure 6.2: σ
54
 amino acid alignment and promoter nucleotide alignment. A) Alignment of σ
54 
factors from 
ten different species, where Aquifex aeolicus, Rhodobacter capsulatus and Chlamydia trachomatis all lack the 
acidic Region II. Highlighted in grey is the predicted HTH of Region III and highlighted in colors are the 
proposed solvent exposed residues, of which Glu in green is the subject of analysis for this chapter (Coppard 
and Merrick 1991; Merrick and Chambers 1992). B) Five σ
54
-dependent promoters aligned by their -24 and -
12 elements. 
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If E378 is in proximity to the -12 element then it is possible that it would be interacting with the 
cytosine of that GC element, however the E coli pspA -12 element lacks any cytosines but this 
may be an universal affinity mechanism for σ54 (Figure 6.2B). 
In order to establish whether the E378 residue in σ54 from K. pneumoniae acts as a -12 binding 
determinant a number of mutants were generated: E378A (to remove the side chain), E378S (a 
semi-conserved side chain) and E378Q (a charge swap).  
6.2 RESULTS 
E378A, E378S and E378Q were first assayed (in the presence of core RNAP) for their ability to 
promote full-length transcription on the (Sinorhizobium melitoti) nifH supercoiled template with 
or without activator (PspF1-275; the isolated AAA+ domain of PspF that is capable of activating 
54 
in vivo and in vitro) in the absence of heparin (Figure 6.3). This would establish whether any of 
the E378 variants were affected during any stage of transcription, including their reliance on the 
activation step. As shown in Figure 6.3A, E378 does not appear to impact upon full-length 
transcription – which implies promoter binding and promoter escape are also wild-type-like. The 
absence of heparin in the reactions helps identify any bypass phenotypes (i.e. mutations in 54 
that allow activator-independent open complex formation). No transcript was detected in the 
absence of activator suggesting that E378 is not a determinant for activator dependency. 
However, to further verify this, the reactions were repeated on the pre-opened template (Figure 
6.3B). The pre-opened (-10-1/WT) template contains a mis-matched sequence between 
positions -10 and -1 that effectively mimics the state of DNA within the open complex. 
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As shown in Figure 6.3B, only the activated reactions (i.e. those with PspF and dATP) support 
formation of an RNA product (here, radio-labeled spRNA); further confirming that E378 does not 
promote activator-independent open complex formation.  
The E378 substitution mutants were then tested for their ability to perform single-round 
(+heparin) and multiple-round (-heparin) transcription on both the nifH (Figure 6.4A) and pspA 
(Figure 6.4B) promoters. These promoters were specifically chosen because they differ in the 
nature of their GC (-12) region – thereby allowing the contribution of the DNA sequence 
(specifically around the -12 promoter) to be assessed. 
  
 
 
 
…..TTTTGCACGAT….  …..AATTGTATTAA….  
Figure 6.3: Determination of activator bypass of E378 variants. A) Full-length transcription on the nifH 
supercoiled template with and without PspF1-275 and in the absence of heparin to help determine any activator 
bypass function. B) An spRNA assay on a late-melted probe based on the nifH promoter sequence with and 
without PspF1-275 and in the presence of heparin. 
Figure 6.4: Single-round (+hep) and multiple-round (-hep) full length transcription in the presence of PspF1-275 
on A) the nifH supercoiled template and B) the pspA supercoiled template. Displayed below each gel is the 
respective -12 consensus sequence of each promoter. 
A B 
A B 
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As shown in Figure 6.4, all the E378 variants behaved similar to wild type on both promoters 
tested, demonstrating that E378 may not directly interact with the cytosine (within the GC 
element) at position -12, or if it is there is little energetic penalty when the interaction is not 
normal. Importantly, to establish whether E378 variants were affected in DNA binding in the 
presence of core RNA polymerase, the mutants were also tested for their core independent σ54-
DNA interactions using native gel-shift assays. Initially the E378 variants were tested on the 
early-melted probe (-12-11/WT), which mimics the state of DNA within the closed complex, in 
the absence of core polymerase (E) and with or without PspF1-275 (Figure 6.5A). In the presence of 
PspF and ATP it has previously been shown that the 54-DNA complex is re-organised to a new, 
faster migrating species, termed the σ54-supershift complex; in which the DNA is melted up to 
position -5 (Cannon et al., 2000). As shown in Figure 6.5A, all the variants tested were capable of 
binding the early-melted probe as efficiently as wild-type 54. Furthermore, in the presence of 
PspF and dATP, all variants formed supershift complexes. Both results imply that the E378 
residue does not contribute to binding the non-template strand (given that this is the DNA 
sequence that is substituted in this probe). Notably the bands denoted as the Eσ54-DNA complex 
are due to a core enzyme contamination of these variants from purification. 
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Using the early melted promoter probe it is also possible to examine the initial closed complex 
interactions. Previous studies have shown that holoenzyme complexes formed on this template 
are insensitive to the DNA competitor heparin. Typically, heparin challenge is used to confirm 
the presence of open complexes (by destabilizing non-productive promoter complexes). As 
shown in Figure 6.5B, all the variants tested exhibited similar activity to wild-type 54 in terms of 
the level of complex formation and heparin stability; further suggesting that this residue does 
not significantly impact on the binding activities of these variants on this probe. 
Finally, the DNA binding activities of the E378 mutants were tested on the mutant probe (WT/-
12-11) which carries base substitutions at positions -12 and -11 on the template strand. Notably, 
unlike the other templates used in this study, this probe prevents σ54 binding in the absence of 
core RNA polymerase. Using this probe it is possible to determine whether this residue 
contributes to template binding at position -12. Complexes were assayed with or without core 
Figure 6.5: Native gel-shift binding assays on the early-melted probe. A) shows σ
54
-DNA binding with or without 
PspF1-275. B) shows Eσ
54
-DNA binding and the stability of the interaction in the presence of heparin 
A B 
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enzyme and in the presence of PspF1-275 and heparin (Figure 6.6A) using native gel analysis. 
Interestingly, all three mutants bound strongly to the mutant probe in the presence of core 
enzyme (compared to wild-type). These data imply that residue E378 may be involved in 
template DNA binding. To further explore this question, the mutants were assayed in the 
presence of PspF and dATP, to form an open complex that was then heparin challenged. As 
shown in Figure 6.6A, more competitor resistant complexes were detected in reactions 
containing the E378 variants, supporting the initial observation that the E378 (and hence E305 in 
Aquifex) exhibits a super-binding activity. To determine whether the organization of these 
complexes were similar to wild type or not, trapping experiments were performed - to monitor 
whether stable complexes between E54 and the activator PspF, in the presence of the transition 
state analogue ADP-AlF, could be captured on this probe (using native gel analysis; see Figure 
6.6B). This “trapped” complex is recognized as an early intermediate state on the pathway 
leading to open complex formation. 
 
 
 
 
Figure 6.6: Native gel-shift binding assays on the mutant probe. A) Shows σ variants, with or without core 
enzyme and Eσ variants with or without PspF1-275 and heparin. B) Shows Eσ variants with trapped PspF1-275, 
T86A mutant and PspF1-275 lacking AlCl3. 
A B 
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As shown in Figure 6.6B, all the E378 variants were capable of forming 54-DNA trapped 
complexes equivalent to wild-type activity. However the number of E54-DNA trapped 
complexes appeared to vary dependent on the mutant assayed. E378Q displayed wild type like 
levels of E54-DNA trapped complexes indicating that the charge swap does not affect E54 
ability to form RPi but perhaps the size of the side chain is of more importance, where E378A 
and E378S (shorter side chains) are more capable of forming this complex on this promoter 
template. However control reactions demonstrate the formation of the trapped complexes 
requires: (i) a form of PspF that can interact with 54 (given that the PspF mutant, T86A, is 
impaired in σ54 binding due to a mutation within the “GAFTGA” motif) and (ii) the trapping 
reagent AlCl3 (a chemical required for the formation of ADP-AlFx once ADP and NaF have been 
added).  
An E378C mutant was subsequently generated in order to assess specific interactions, where 
different DNA probes that contain a thiophosphate between two bases in the -12 region will 
potentially allow for the generation of a disulfide bond giving indications as to the specific base 
E378 is interacting with. It was first important to determine ability of E378C to bind to DNA 
under the conditions that were assayed for the other E378 variants. 
161 
 
 
 
 
As can be seen in Figure 6.7 (A lanes 4, 9 and 14; B lanes 4, 9 and 14) E378C displayed a similar 
phenotype to the other E378 variants where binding would occur in a wild type-like fashion on 
the early melted probe but displayed superior binding to wild type on the mutant probe. One 
notable observation on the early melted probe is that all E378 variants super shifted more 
Figure 6.7: Native gel shift assays of E378C and E378 variant supershift scoring. A) Native gel shift assays of E378C on 
both the early melted probe and mutant probe with or without core enzyme and in the presence of PspF1-275 to 
determine its ability to bind to DNA, supershift (denoted by σ
54
-DNA ss) and trap in the presence of the nucleotide 
analogue ADP-AlFx. B) Variants of σ
54
 were assayed for their ability to supershift on the early melted probe and 
subsequently scored for their activity using AIDA image analyser and represented as a percentage of wild type. E378A, 
E378S and E378Q were scored from figure 6.5A. 
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readily than wild type (Figure 6.7B).  The super shifted complex was shown to be dependent on 
movements within Region I (Cannon et al., 2000), which indicates that E378s direct or indirect 
contribution to movements in Region I are largely inhibitory, where E378S seems to be the most 
capable of promoting this isomerised complex. It is not clear if this is mediated by an interaction 
with the DNA or directly within the protein, giving the possibility that E378 may not be 
contacting DNA, but may make a direct or indirect interaction with Region I. 
 
 
 
The E378 variants bind like wild type to the early melted probe but bind strongly to the mutant 
template probe. As shown in Figure 6.8A and B these E378 variants also bind more efficiently to 
wild type homoduplex DNA, which may support an importance in Region I interactions as the 54 
Figure 6.8: E
54 
and 
54
 binding on homoduplex, early melted and mutant probes. A) Native gel shift assays of all 
E378 variants assayed for 
54
-DNA binding (Left gel) and E
54
-DNA binding (Right gel) on three promote probes 
including the wild type homoduplex probe. B) Band intensity of 
54
-DNA and E
54
-DNA on all three templates was 
scored using AIDA image analyzer and represented as bar charts of band intensity. 
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variant that lacks Region I (ΔRI) was twice as efficient at binding to homoduplex DNA than wild 
type (Gallegos and Buck, 2000). In the presence of core enzyme all 54 variants displayed similar 
binding indicating that E378 plays more of an important role in binding to DNA in the absence of 
core where the holoenzyme may alter the shape of 54, thus altering the role of E378 as a 
binding determinant. Although E378 may be a DNA binding determinant in 54, it is possible that 
E378 may be involved in regulating Region I movements when bound to DNA. As was seen 
previously wild type 54 is severely impaired in its ability to bind to the mutant probe both in the 
absence and in the presence of core enzyme. The ability of the E378 variants to bind strongly to 
this probe alludes to template strand binding. 
 
 
 
Figure 6.9: Crosslinking rationale for the σ variant E378C. The cysteine at position 378 upon binding to the 
promoter will crosslink with the thiophosphate located at a particular position on one strand between two 
bases allowing for the formation of a disulfide bond. This crosslinking strategy will depend on the promoter 
probe containing the thiophosphate proximal to the E378C position. 
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To help determine whether E378 was interacting with DNA, E378C was assayed for its ability to 
crosslink with DNA by disulfide bond formation to promoter probes each with an incorporated 
thiophosphate at one specific position (Figure 6.9). 
The reducing agent dithiothreitol (DTT) was initially dialysed out from the buffer containing 
E378C as the presence of such molecule would inhibit disulphide formation. The buffer used was 
the same as was used for previous native binding experiments with the exception of using HEPES 
at pH 7.0 instead of Tris-acetate at pH 8.0 allowing disulphide bonds to form more readily 
(Heinze et al., 2012). The reaction was left for 30 minutes at 37°C and subsequently run on a 
7.5% SDS-PAGE gel using a loading dye that lacked β-mercapto-ethanol and was subsequently 
stained in SYBR Safe solution. The gel did not display any bands above the DNA alone band (data 
not shown). The two factors that may have inhibited a crosslinking reaction are: i) an unoxidised 
thiophosphate group and ii) the distance between the cysteine and the thiophosphate may be 
too great to form a disulfide bond (greater than 2.5 Å). 
The use of iodine in aqueous acetic acid has been used frequently in synthetic disulfide bond 
formation as it oxidises the thiol groups (Andreu et al., 1995; Yang et al., 1994). With E378C this 
approach yielded the same result as the previous strategy alluding to the possibility that the 
distance may be too large for disulphide bond formation. This issue was approached by using the 
synthetic crosslinkers Bis-maleimide-o-ethane (BMOE) and dibromobimane (bBBr)(Figure 6.10) 
(Chen et al., 1991; Kim and Raines, 1995). 
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E378C and wild type controls were first incubated with promoter DNA at 37°C for 10 minutes to 
allow for the formation of promoter complexes to form in the presence of TCEP (tris(2-
carboxyethyl)phosphine) whilst inhibiting cysteine to cysteine disulfide formation. Either BMOE 
or bBBr was subsequently added and left to incubate for a further 5 minutes and mixtures 
lacking crosslinker were left to incubate for 1 hour. 
As can be seen in Figure 6.11, the use of these crosslinkers successfully produced a number of 
high molecular weight species that correspond to RNA polymerase promoter complexes 
(previously characterised in p-azidophenacyl bromide crosslinking by Bose et al., 2008). The gel 
was stained in SYBR Gold solution as SYBR Safe stained gels lacked the band resolution necessary 
to determine relative intensities (data not shown) (Tuma et al., 1999). Although band resolution 
Figure 6.10: Homobifunctional thiol-reactive crosslinkers BMOE and bBBr. A) The native structures of both 
crosslinkers where the size is known for BMOE, bBBr from bond lengths can be assumed to be 
approximately under 8.0 Å. B) The results of a successful crosslinking reaction for both crosslinkers. 
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had improved using SYBR Gold, three issues were evident from this gel: i) SYBR Gold detected σ54 
as well as promoter DNA, ii) crosslinking occurred on promoter control probes that possessed a 
thiophosphate in the -30 region for the non-template strand and iii) most of the bands detected 
(though they correspond to DNA crosslinked species) occurred in the controls lacking DNA. In 
addition to this many of the bands occurred (to a lesser extent) in the wild type control. 
 
 
 
Figure 6.11: Crosslinking of σ
54
 variants to thiolated homoduplex nifH promoter probes.  Crosslinking 
occurred in the presence of bBBr, BMOE (both for 5 minutes) or no crosslinker (for 1 hour) for both E378C 
(top gel) and Wild type (bottom gel). Both Gels were stained in SYBR Gold TBE solution mixture for 30 
minutes. 
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The early melted probe and the mutant probe were assayed as well to help determine if the 
nature of the promoter could improve crosslinking but these yielded similar results to Figure 
6.11 (data not shown). Although additional steps were taken to optimise the conditions (such as 
boiling samples for longer periods, quenching crosslinking reactions with DTT and heparin 
stability challenges for enriching specific complexes prior to crosslinking), the use of SYBR Gold 
did not provide the confidence required for DNA staining. Therefore, thiolated promoter probes 
were kinased with radioactive 32P and subsequently purified on microcentrifuge gel filtration 
columns to separate the DTT used to kinase the probes. The crosslinking reactions were assayed 
on the early melted probe. 
 
 
 
Of the crosslinking reactions that occurred, those in the presence of bBBr were the most 
successful in the fact that they did not form a higher weight species with the control probe 
(containing the thiophosphate at the -35/-34 position) (Figure 6.12 A lane 5 and B lane 5). Wild 
Figure 6.12: Crosslinking of σ
54
 variants to radiolabelled thiolated homoduplex nifH promoter probes. Both 
E378C and wild type formed higher complexes in the presence of bBBr, where crosslinking did not occur at the -
35 control site. Negative controls are shown in the right gel. 
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type, however, formed the same species as E378C. In an attempt to tighten the potential 
interaction between E378C and DNA, core enzyme was introduced to the reaction on the early 
melted probe. 
 
 
 
The use of core polymerase in crosslinking reactions did not promote the specificity of E378C for 
only proximal thiophosphates as σ54-promoter bands were detected at the -35/-34 site (Figure 
6.13).  Both wild type and E378C formed similar complexes under these conditions. 
Due to time constraints this project was ended, leaving the answer of whether or not E378 forms 
direct contacts with DNA at -12 as inconclusive. However, UV-photo crosslinking experiments of 
R336, E378 and R383 performed by Nan Zhang showed that E378pBpa forms a direct crosslink 
Figure 6.13: Reactions from a bBBr crosslinking assay in the presence of core polymerase and run on a 7.5% 
SDS-PAGE. E378C and Wild type were left to incubate with bBBr and radiolabelled early melted probe for 30 
minutes at 37°C and quenched with DTT. 
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with the early melted probe in the absence and presence core polymerase (Zhang, unpublished) 
(Figure 6.14A). Although it is not possible to map the position E378pBpa crosslinks on the 
promoter, it is clear that a contact is made with DNA but this may be due to the length conferred 
by pBpa and need not occur with the native E378 itself (Figure 6.14B).  
 
As the E378 variants all bind similarly to wild type on the early melted probe but have a larger 
effect on binding on the mutant and homoduplex probes it is likely that the involvement of E378 
on binding is insignificant on this template. Yet Figure 6.14A shows evidence of DNA binding on 
this probe. The information gathered seems to suggest that pBpa’s large size allows for a DNA 
Figure 6.14: UV photo crosslinking reaction using the photo reactive amino acid analog pBpa. A) The mutants 
R336pBpa, E378pBpa and R383pBpa were tested for their ability to crosslink with the early melted probe 
(radiolabelled) in the presence or in the absence of core polymerase for 30-minute periods. E378pBpa and 
R383pBpa were the only mutants to crosslink with DNA (assay carried out by Nan Zhang). B) Molecular structures 
of Glutamate and the amino acid derivative pBpa. 
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contact at this position where the amino acid backbone of σ54 at position 378 is proximal to DNA 
but may not be a true reflection of the nature of the side chain of E378. 
 
6.3 DISCUSSION 
Taken together the results of this chapter show that the E378 variants tested generally behave 
like wild type (with respect to full-length transcription) on both the nifH and pspA supercoiled 
promoters. They also exhibit similar binding activities (to wild-type) on the early-melted probe. 
However the binding activities on the homoduplex and mutant probes showed marked 
differences with respect to wild type. The spRNA transcription assays performed on the mutant 
probe showed that, like wild-type, none of the σ54 variants tested supported RNA synthesis (data 
not shown); implying that the normal barriers to transcription that are apparent on this probe 
are still maintained in the E378 variants. Therefore, binding to this promoter causes Eσ54 
mutants to lock into a complex that is able to interact with PspF1-275 but not be reorganized into 
an open complex fit for transcription elongation. 
The A. aeolicus σ54 mutant lacking Region I with an E305S substitution was crystallized at modest 
resolution and without full refinement by Elizabeth Campbell and colleagues from the Darst lab 
(Rockefeller University) (Figure 6.15). The DNA binding domain of the captured asymmetric unit 
spans across the promoter with the RpoN box interacting directly with the -24 element of the 
dhsU promoter DNA and the putative HTH over the -12 element. The Region I deletion in this 
structure results in the lack of a -12/-11 transient fork junction, thus complicating analysis of the 
native interactions with DNA and full-length σ54. Nevertheless these observations act as 
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indicators to the proximity of these residues to DNA. As can be seen in Figure 6.15 E305S lies 
directly above the cytosine of the -12 element but makes no contact. 
Figure 6.15: A low-resolution crystal structure of the A aeolicus σ
54
 variant (Region I deletion and E305S mutation) in 
complex with the dhsU promoter. The DNA binding domain of the asymmetric unit interacts with the -24 and -12 
elements of the DNA. Lower panel shows a zoomed in view of the putative HTH over the -12 element of the promoter 
with a number of highlighted residues in A aeolicus numbering and K pneumoniae numbering in parentheses. The 
cytosine of the GC element is highlighted in yellow. This structure is from Seth Darst. 
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 This indicates that perhaps tighter binding of E305S may result from an absence of steric 
hindrance at this position allowing H304 and T307 to interact strongly with the phosphate 
backbone of the non-template strand. Conversely the presence of Region I may introduce a set 
of interactions between E305 and the -12/-11 fork junction or directly with Region I. 
If and when E378 directly interacts with DNA is unclear, as the results displayed in this chapter 
cannot offer a definitive conclusion. Zhang has showed E378pBpa directly crosslinks with DNA of 
the early melted probe in UV photo crosslinking assays both in the absence and presence of core 
polymerase but this result maybe a false positive conferred by the larger size of pBpa. If E378 
were interacting with DNA then the variants of this residue would be affected in their ability to 
bind to the same promoter but binding was similar to wild type. E305S in the structure of σ54 of 
A aeolicus is shown to lie directly above the cytosine of the -12 element. It is likely that E305 
would interact with Cytosine but as this is a Region I deletion mutant, the -12/-11 transient fork 
junction is absent. Under native conditions, the transient fork junction would cause the cytosine 
of the -12 element to deviate from the position shown in Figure 6.15. Whether this would cause 
the amino acid backbone at position 305 to move with the cytosine or indeed induce an 
interaction with Region I remains to be elucidated. 
The attempted thiol-mediated crosslinking in this chapter failed to provide any definitive 
evidence of E378-DNA interactions. The size of the bBBr and BMOE were perhaps too large to 
mediate a crosslink in native binding conditions as a DNA-bound σ54 may have sterically hindered 
access to E378C and a proximal thiophosphate. Although E378pBpa formed a crosslink with DNA, 
the other crosslinkers would: not have made the same crosslinks (Carbonyl versus sulphydryl), 
would have had to have found E378C once σ54 was bound to DNA. As bBBr and BMOE were both 
larger than pBpa it is likely that they were sterically hindered. The distance required to form a 
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disulfide bond in the absence of crosslinker would have had to meet a 2.05Å requirement and 
the additional factor of an unreactive thiophosphate would also have inhibited the formation of 
a successfully formed disulfide pair. Possibly, E378 interacts with a transiently forming DNA 
structure making a covalent co-complex hard to obtain. 
In full-length σ54, E378 may interact with Region I as the putative HTH has been shown to 
potentially share the same space as Region I at the -12 element (Bose et al., 2008). E378 variants 
were more able to super shift and bind to homoduplex promoter probes, which are both 
phenotypes dependent on Region I. The addition of core polymerase to these variants in 
homoduplex binding, however, were similar to wild type suggesting that the role of E378 is less 
significant under these conditions. However, these variants displayed superior binding to wild 
type on the mutant probe both in the presence and absence of core RNA polymerase. Although 
this would indicate a potential for interaction with the template strand, the σ54 structure 
presented in Figure 6.15 does not provide any atomic level evidence of residues proximal to this 
strand at the -12 element. It is, therefore possible to propose that E378 may well indirectly 
regulate the binding of σ54. 
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Chapter 7: Discussion 
An Overview of σ54-Dependent Transcription Incorporating the Findings of this Study 
The -12 region of a σ54-dependent promoter is home to a number of complex interactions that 
facilitate both the locking and the subsequent opening of a σ54-promoter complex. The first step 
to regulation in this system is the formation of the RPc. There is a significant body of evidence 
that indicates Region I of σ54 as the primary cause of maintaining the closed complex but it has 
not yet been shown to directly interact with DNA (Chaney et al., 2001; Wang et al., 1997; 1992). 
Deletion of Region I results in a bypass in activator dependency (Wang et al., 1997). The crystal 
structure of the Region I deletion variant of σ54 from A. aeolicus was also unable to form a -12 
fork junction (Darst lab structure of σ54 (Figure 6.15 from Chapter 6)).  
Region III has also been shown to interact with the -12 region, where R336 of the X-link motif is 
likely to contribute to exerting inhibitory interactions on the -12 fork junction (Chaney and Buck, 
1999). Although residues of the putative HTH of Region III have been shown to lie above the -12 
region of the promoter, it is still not clear whether these interact directly with the DNA of this 
area. E378 of Region III has been shown to have an effect on DNA binding, potentially by 
mediating the activity of the Region I domain but it is also possible that interactions made by 
Region I with DNA may be transient. Variants of E378 residue displayed a more efficient 
isomerization process in supershift assays and a higher binding efficiency to homoduplex 
promoter probes than wild type, reminiscent of Region I mutant phenotypes. The fact that these 
variants also bound more efficiently to the mutant probe (containing a mismatch at the -12 and -
11 positions on the template strand where less than 1% of wild type can bind) does not 
necessarily indicate that E378 makes an interaction with the template strand but maybe due to 
conferring flexibility to Region I so that it does not need to interact with this unfavorable 
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sequence. Taking these observations into account it is possible that E378 could be contributing 
to guiding Region I in stages of RPc development. 
 
 
 
Once the RPc is formed a higher order bEBP complex is required to remodel RPc to RPo via two 
L1 interactions with Region I and an additional stabilizing L1 interaction with the -29 region of 
DNA (Zhang et al., 2012). In order to form such a complex, residues at the interface between 
bEBP subunits are arranged in such a way that allows them to both respond to the presence of 
nucleotide and the availability of an RPc. The interface between subunits of the bEBP consists of 
a number of residues that communicate in trans to ensure the proper alignment of residues 
involved in the catalytic site, thus providing the platform for an efficient hydrolysis cycle (Joly et 
al., 2011; Chen et al., 2010). Hexamerisation of PspF1-275 can be induced in either a 
concentration-dependent manner or be stabilised by adding nucleotide. Nucleotide-dependent 
self-association of PspF1-275 can be attributed in part to the γ-phosphate sensing residue R227, 
where an alanine mutation at this position disables PspF1-275 from forming a hexamer in the 
presence of ADP-AlFx (Rappas et al., 2006). Experiments detailing the ability of R227A to form a 
Figure 7.1: Cartoon representation of two L1s engaged to Eσ
54
. L1s from two separate subunits are engaged to 
two separate patches within Region I of σ
54
, where a pivot formed from the electrostatic interactions of K30 (in 
trans), E200 and E234 allows the interface of the catalytic site to change for better alignment of catalytic 
residues required for hydrolysis. 
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concentration dependent hexamer, and respond to ADP, ATP or ADP-BeF however, have not yet 
been carried out, but would offer interesting insights into apo and nucleotide-state 
dependencies of self-association. 
K30-E200 and E234-R168 form the interaction pairs that help regulate the PspF interface 
organization under varying nucleotide conditions. I propose ATP indirectly displaces the E234-
R168 interaction by the movement of the Sensor-II helix conferred by the γ-phosphate sensing of 
R227. This allows E234 to interact with the K30-E200 pair, thereby forming a pivot that enables 
the ATP-bound subunit to align in trans residues of the catalytic site. This is partially aided by L1 
loop engagement with Region I of σ54 where two L1s will bind to two patches of leucine repeats 
within this region that remodel the bEBP catalytic site (Figure 7.1). During ATP hydrolysis R168 
directly interacts with the nucleotide (Joly et al., 2012) allowing E234 to fully interact with K30, 
which could confer the flexibility needed for remodeling of the RPc.  Interestingly, the charge 
swap mutant K30E-E234K is able to remodel RPc engaged to the late melted probe as efficiently 
as wild type, which contrasts the poor ability of the mutant to hydrolyse ATP. This may be taken 
as evidence indicating that L1 may not be going through a “power stroke” (as was suggested by 
structural studies on NtrC1 (Chen et al., 2010)) but rather inserting L1 in the nucleoprotein 
complex and disrupting interactions between Region I and DNA in its ATP bound state. Once 
hydrolysis has occurred, I propose that R168 moves to interact with E234, competing with K30 
until ADP is released and the Sensor-II helix is restored to its apo-state position. The ATPase 
activity of PspF1-275 has been shown to occur in the presence of ADP, providing evidence of a 
mixed nucleotide bound state (Joly et al., 2006). The organization of K30, E200 and E234 in this 
mixed nucleotide bound state would cause the hexamer to have asymmetry and has been 
proposed to be active in an open spiral conformation (Joly et al., 2011) 
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Critical to the function of bEBPs is the glutamate switch, which in PspF is characterized by E108-
N64 interactions. In the ATP-bound state E108 forms an electrostatic interaction with N64, 
inhibiting the priming of the water molecule that hydrolyses the γ-phosphate of ATP, thus 
forming an inactive ATP-bound state (Rappas et al., 2006; Zhang and Wigley 2008). In this state 
the in trans R162 and D164 of the R-hand motif (Joly et al., 2012) are involved in electrostatic 
Figure 7.2:  An atomic switch in the AAA
+
 domain of bEBPs. “The GAFTGA motif containing the L1 loop is locked into an 
unfavourable conformation for σ
54
 interaction in the presence of ADP (right). At the initial stage of ATP hydrolysis, amino acid 
E108 stably interacts with N64, causing relocation of helix 3, which leads to the release of the L1 loop for σ
54
 interaction (left 
and bottom). At the point of ATP hydrolysis, the GAFTGA motif engages with σ
54
 and the L1 (and L2) loops are stabilized (top). 
Upon Pirelease, the interaction between N64 and E108 breaks, allowing the GAFTGA motif to collapse and return to the ADP-
bound state (right)”. Adapted from Buck et al., (2006) 
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interactions with E108 that are held in place by the E108-N64 engagement. Communication is 
relayed via the E108-N64 pair to L1 driving it into an exposed and extended conformation that 
allows it to interact with one of the leucine patches of Region I. L1 engagement of these patches 
is relayed back to the glutamate switch via Linker 1 and Linker 2 that are attached to N64 and 
E108 respectively. F85 of the GAFTGA motif is essential in this intercommunication pathway as it 
indirectly allows E108 to be released from N64 and prime the water molecule for nucleophilic 
attack (Zhang et al., 2009). The breaking of the E108-N64 pair causes the interactions of the 
catalytic site to transfer from primarily electrostatic to water mediated hydrogen bonds as the 
catalytic site progresses through hydrolysis into the ADP-bound state. 
The increase in ATPase activity of PspF1-275 in the presence of σ
54 is dependent on L1 integrity. 
This increase could be due to one or more of the following : (i) a co-operative  affinity of adjacent 
L1s for Region I , thereby maintaining an active ATPase site through reducing the frequency of 
subunit dissociations, (ii) L1 engagement to the two Region I patches remodeling the interface of 
the catalytic site to a more optimal alignment for the chemistry of hydrolysis and or product 
(ADP, Pi) release, (iii) the E108-N64 switch is more readily broken through L1 
intercommunication (where PspF1-275 requires steric clashes with other PspF1-275 complexes in 
the absence of σ54) and this alters the ATPase site to favor increased ATPase. It is possible that all 
of these factors are combined to help increase the ATPase activity of PspF1-275 when engaged 
with σ54. Significantly, L1 engagement is not solely used for Region I interactions. PspF1-275 was 
shown to interact with DNA at the -29 region of the promoter in crosslinking studies by Zhang et 
al where it was proposed that portions of σ54 Region III may be accessing this area of the 
promoter (2012). PspF1-275, however, can interact with promoter DNA in a T86-dependent 
manner but non-specifically (Figure 4.6, Chapter 4). Where the L1 interaction with the -29 region 
179 
 
of DNA is more likely to do with stabilising the promoter complex, it is likely that initial 
interactions would occur with Region I leading to a -29 interaction. 
Future Work 
It remains unclear whether Region I forms direct contacts with DNA of the -12 site and 
determining the nature of any potential contacts could offer an understanding of the 
nucleoprotein barrier that needs to be overcome by the ATPase activity of bEBPs. This can be 
achieved by using the photo-sensitive amino acid derivative pBpa at specific positions within 
Region I, which have shown reduced binding capability to promoter DNA when mutagenised 
(Gallegos and Buck 2000). Although this approach will not allow us to determine the exact 
position of the nucleoprotein interaction, it will give an indicator of which strand the interaction 
is occurring on and the longevity of the interaction on probes that mimic different melting 
stages. 
In this study the apo PspF1-275 variant K30E-E234K was (i) shown to elute at the point of a 
constitutive hexamer and (ii) formed a co-complex with σ54 in the absence of any added 
nucleotide in gel filtration experiments. As K30E-E234D and K30E were both unable to form a 
higher order complex in the presence of ADP-AlFx it is likely that an interaction between K30 and 
E234 will reflect either a transition state of PspF1-275 able to bind σ
54, a state normally only seen 
with ADP-BeF (the ATP ground state analogue) or the substrate trap states seen in the presence 
of ATP for slowly hydrolysing or non hydrolysing variants as demonstrated with the Walker B 
E108 variants.  Therefore, K30E-E234K will serve as a promising candidate for X-ray 
crystallography. The use of this mutant may help stabilise σ54 for the formation of diffracting 
crystal candidates. It will also be interesting to see if the binding of K30E-E234K to closed 
promoter complexes can re-organise these at all. If so this will provide evidence that formation 
180 
 
of an RPi can be achieved by just physically capturing parts of the RPc without the need for 
nucleotide dependent transactions. 
The mechanism of inhibition by the trans acting protein PspA has been proposed to be via the 
E108-N64 switch as substitutions to N64 prevented PspA from deactivating ATPase activity but 
maintained PspA-PspF interactions (Joly et al ., 2008). The double mutant E108Q-W56A along 
with E108Q-N64S was generated to investigate whether negative regulation from PspA was 
acting through this switch. Due to time constraints these assays were not performed. A 
combination of native gel binding and ATPase assays should be performed to gain insights into 
the mechanism of PspA inhibition. Co-complexes of PspA and PspF studied by single particle 
Cryo-EM and X-ray crystallography represent longer term aims, where a full atomistic 
understanding of bEBP regulation outside of the two component paradigms such as ZraR, and 
NtrC would begin to emerge. Similarly structural studies on RPc, RPi and RPo and hexameric 
assemblies of free and engaged PspF with and without UAS DNA must be viewed as necessary 
longer term goals. 
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Appendix 
Appendix A (strains) 
 
Strain Genotype Reference 
MC1061 araD139, Δ(ara, leu)7697, ΔlacX74, galU-, galK-, hsr-, hsm+, 
strA 
(Casadaban & 
Cohen 1980) 
XL-10 Gold  e  , Δ( cr )1 3, Δ( cr  -      - rr)173, e   1, 
 u  44,    -1, rec 1, g r 96, rel 1, lac   e      r   , lac   
ZΔ 15,   10 ( e          ) 
Stratagene 
BL21 F–, dcm, ompT, hsdS(r - m -), gal λ(D 3) Stratagene 
MG1655 ΔFΔA F-, λ-, ilvG, rfb-50, rph-1, pspF-, pspA-, KanR  
 
(Blattner et al., 
1997; 
Joly et al., 2008) 
 
Appendix B (Plasmids) 
 
Plasmid Characteristics Reference 
pET28b+ Expression vector, IPTG-inducible, T7 
promoter, His-tag, Kan
R 
Novagen 
pET28b-PspF1-275 K30A Encoding E. coli pspF1-275 K30A, Kan
R 
This work 
pET28b-PspF1-275  K30D Encoding E. coli pspF1-275 K30D, Kan
R
 This work 
pET28b-PspF1-275  K30E Encoding E. coli pspF1-275 K30E, Kan
R
 This work 
pET28b-PspF1-275 E200A Encoding E. coli pspF1-275 E200A, Kan
R
 This work 
pET28b-PspF1-275 E200D Encoding E. coli pspF1-275 E200D, Kan
R
 This work 
pET28b-PspF1-275 E200K Encoding E. coli pspF1-275 E200K, Kan
R
 This work 
pET28b-PspF1-275 E234A Encoding E. coli pspF1-275 E234A, Kan
R
 This work 
pET28b-PspF1-275 E234D Encoding E. coli pspF1-275 E234D, Kan
R
 This work 
pET28b-PspF1-275 E234K Encoding E. coli pspF1-275 E234K, Kan
R
 This work 
pET28b-PspF1-275 K30A-E234A Encoding E. coli pspF1-275 K30A-E234A, Kan
R
 This work 
pET28b-PspF1-275 K30D-E234D Encoding E. coli pspF1-275 K30D-E234D, Kan
R
 This work 
pET28b-PspF1-275 K30D-E234K Encoding E. coli pspF1-275 K30D-E234K, Kan
R
 This work 
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pET28b-PspF1-275 K30E-E234D Encoding E. coli pspF1-275 K30E-E234D, Kan
R
 This work 
pET28b-PspF1-275 K30E-E234K Encoding E. coli pspF1-275 K30E-E234K, Kan
R
 This work 
pET28b-PspF1-275 E108Q-W56A Encoding E. coli pspF1-275 E108Q-W56A, Kan
R
 This work 
pET28b-PspF1-275 E108Q-N64A Encoding E. coli pspF1-275 E108Q-N64A, Kan
R
 This work 
pET28b-PspF1-275 E108Q-N64S Encoding E. coli pspF1-275 E108Q-N64S, Kan
R
 This work 
pET28b-PspF1-275 E108Q-N64Q Encoding E. coli pspF1-275 E108Q-N64Q, Kan
R
 This work 
pET28b-PspF1-275 E108Q-F85Y Encoding E. coli pspF1-275 E108Q-F85Y, Kan
R
 This work 
pET28b-PspF1-275 E108Q-T86A Encoding E. coli pspF1-275 E108Q-T86A, Kan
R
 This work 
pET28b-PspF1-275 E108Q-R162A Encoding E. coli pspF1-275 E108Q-R162A, 
Kan
R
 
This work 
pET28b-PspF1-275 E108Q-R162K Encoding E. coli pspF1-275 E108Q-R162K, 
Kan
R
 
This work 
pET28b-PspF1-275 E108Q-R168A Encoding E. coli pspF1-275 E108Q-R168A, 
Kan
R
 
This work 
pET28b-PspF1-275 E108Q-R168K Encoding E. coli pspF1-275 E108Q-R168K, 
Kan
R
 
This work 
pET28b-PspF1-275 WT pPB1, Encoding E. coli pspF1-275 WT (Bordes et 
al., 2003) 
pET28b-RpoN E378A Encoding K. pneumonia rpoN E378A, Kan
R 
This work 
pET28b-RpoN E378S Encoding K. pneumonia rpoN E378S, Kan
R 
This work 
pET28b-RpoN E378Q Encoding K. pneumonia rpoN E378Q, Kan
R 
This work 
pET28b-RpoN E378C Encoding K. pneumonia rpoN E378C, Kan
R 
This work 
pET28b-RpoN WT Encoding K. pneumonia rpoN WT, Kan
R
 (Cannon et 
al., 1994) 
   
pBAD18Cm β-galactosidase vector, arabinose-
inducible, ara promoter, Cm
R 
(Guzman et 
al., 1995) 
pBAD18Cm-PspF1-275 K30A Encoding E. coli pspF1-275 K30A, Cm
R 
This work 
pBAD18Cm -PspF1-275  K30D Encoding E. coli pspF1-275 K30D, Cm
R
 This work 
pBAD18Cm -PspF1-275  K30E Encoding E. coli pspF1-275 K30E, Cm
R
 This work 
pBAD18Cm -PspF1-275 E200A Encoding E. coli pspF1-275 E200A, Cm
R
 This work 
pBAD18Cm -PspF1-275 E200D Encoding E. coli pspF1-275 E200D, Cm
R
 This work 
pBAD18Cm -PspF1-275 E200K Encoding E. coli pspF1-275 E200K, Cm
R
 This work 
pBAD18Cm -PspF1-275 E234A Encoding E. coli pspF1-275 E234A, Cm
R
 This work 
pBAD18Cm -PspF1-275 E234D Encoding E. coli pspF1-275 E234D, Cm
R
 This work 
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pBAD18Cm -PspF1-275 E234K Encoding E. coli pspF1-275 E234K, Cm
R
 This work 
pBAD18Cm -PspF1-275 K30A-E234A Encoding E. coli pspF1-275 K30A-E234A, Cm
R
 This work 
pBAD18Cm -PspF1-275 K30D-E234D Encoding E. coli pspF1-275 K30D-E234D, Cm
R
 This work 
pBAD18Cm -PspF1-275 K30D-E234K Encoding E. coli pspF1-275 K30D-E234K, Cm
R
 This work 
pBAD18Cm -PspF1-275 K30E-E234D Encoding E. coli pspF1-275 K30E-E234D, Cm
R
 This work 
pBAD18Cm -PspF1-275 K30E-E234K Encoding E. coli pspF1-275 K30E-E234K, Cm
R
 This work 
pBAD18Cm -PspF1-275 WT Encoding E. coli pspF1-275 WT, Cm
R
 (Joly et al., 
2008) 
 
Appendix C (primers) 
 
Name Sequence (5’ to 3’) Function 
E378A-F GCCGTCGAAATGCATGCATCCACTATTTCACGC To mutagenize rpoN E378A 
E378A-R GCGTGAAATAGTGGATGCATGCATTTCGACGGC To mutagenize rpoN E378A 
E378S-F GCCGTCGAAATGCATTCATCCACTATTTCACGC To mutagenize rpoN E378S 
E378S-R GCGTGAAATAGTGGATGAATGCATTTCGACGGC To mutagenize rpoN E378S 
E378Q-F GCCGTCGAAATGCATCAATCCACTATTTCACGC To mutagenize rpoN E378Q 
E378Q-R GCGTGAAATAGTGGATTGATGCATTTCGACGGC To mutagenize rpoN E378Q 
E378C-F GCCGTCGAAATGCATTGTTCCACTATTTCACGC To mutagenize rpoN E378C 
E378C-R GCGTGAAATAGTGGAACAATGCATTTCGACGGC To mutagenize rpoN E378C 
K30A-F CTCGCACCGCTGGACGCACCGGTGCTCATC  To mutagenize pspF1-275 K30A 
K30A-R GATGAGCACCGGTGCGTCCAGCGGTGCGAG To mutagenize pspF1-275 K30A 
K30D-F CTCGCACCGCTGGACGACCCGGTGCTCATC To mutagenize pspF1-275 K30D 
K30E-R GATGAGCACCGGGTCGTCCAGCGGTGCGAG To mutagenize pspF1-275 K30D 
K30E-F CTCGCACCGCTGGACGAACCGGTGCTCATC To mutagenize pspF1-275 K30E 
K30E-R GATGAGCACCGGTTCGTCCAGCGGTGCGAG To mutagenize pspF1-275 K30E 
E200A-F ATCCAGATGTGTCGGGCAATCAAGCTGCCT To mutagenize pspF1-275 E200A 
E200A-R AGGCAGCTTGATTGCCCGACACATCTGGAT To mutagenize pspF1-275 E200A 
E200D-F ATCCAGATGTGTCGGGACATCAAGCTGCCT To mutagenize pspF1-275 E200D 
E200D-R AGGCAGCTTGATGTCCCGACACATCTGGAT To mutagenize pspF1-275 E200D 
E200K-F ATCCAGATGTGTCGGAAAATCAAGCTGCCT To mutagenize pspF1-275 E200K 
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E200K-R AGGCAGCTTGATTTTCCGACACATCTGGAT To mutagenize pspF1-275 E200K 
E234A-F TTGAAAAACGTGGTGGCACGTTCAGTGTAT To mutagenize pspF1-275 E234A 
E234A-R ATACACTGAACGTGCCACCACGTTTTTCAA To mutagenize pspF1-275 E234A 
E234D-F TTGAAAAACGTGGTGGACCGTTCAGTGTAT To mutagenize pspF1-275 E234D 
E234D-R ATACACTGAACGGTCCACCACGTTTTTCAA To mutagenize pspF1-275 E234D 
E234K-F TTGAAAAACGTGGTGAAGCGTTCAGTGTAT To mutagenize pspF1-275 E234K 
E234K-R ATACACTGAACGCTTCACCACGTTTTTCAA To mutagenize pspF1-275 E234K 
T7-P TAATACGACTCACTATAGGG To sequence inserts on a T7 
promoter 
T7-T GCTAGTTATTGCTCAGCGG To sequence inserts on a T7 
promoter 
 
Appendix D (oligonucleotides) 
 
Oligo Sequence (5’ to 3’) Function 
WVC 3 ACATGAATGCGCAACAGCATGCGCGCCCAGGGCTGATCGTGCAAA
AGTCGTGCCAGCCGTCTGAAATAAAACTACTCGGCTTTCTTTC 
nifH promoter, T 
strand from 
-68 to +20 
WVC 8 GAAAGAAAGCCGAGTAGTTTTATTTCAGACGGCTGGCACGACTTTT
GCACGATCAGCCCTGGGCGCGCATGCTGTTGCGCATTCATGT 
nifH promoter, NT 
strand from 
 -68 to +20 
WVC 18 GAAAGAAAGCCGAGTAGTTTTATTTCAGACGGCTGGCACGACTTTT
GCcaGATCAGCCCTGGGCGCGCATGCTGTTGCGCATTCATGT 
nifH promoter, NT 
strand from  
-68 to +20, 
mismatch from -
12 to -11 
WVC 7 GAAAGAAAGCCGAGTAGTTTTATTTCAGACGGCTGGCACGACTTTT
GCACtcgactaaagGGGCGCGCATGCTGTTGCGCATTCATGT 
nifH promoter, NT 
strand from -68 to 
+20, 
mismatch from -
10 to -1 
WVC 23 ACATGAATGCGCAACAGCATGCGCGCCCAGGGCTGATCtgGCAAA
AGTCGTGCCAGCCGTCTGAAATAAAACTACTCGGCTTTCTTTC 
nifH promoter, T 
strand from 
-68 to -20, 
mismatch from -
201 
 
12 to -11 
WVC 19 GAAAGAAAGCCGAGTAGTTTTATTTCAGACGGCTGGCACGACTTTT
GCcatcgactaaagGGGCGCGCATGCTGTTGCGCATTCATGT 
nifH promoter, NT 
strand from -68 to 
+20, mismatch 
from -12 to -1 
PhrpJ-T CAAAAACATCGGTCAGCTTCGCAAGAACGTCGATCCGGGACCGTG
ACCCACTCAGCGGACATAATCCGGCTTAGAACTGCCCTATGAA 
hrpJ promoter, T 
strand from -68 to 
+20 
PhrpJ-NT TTCATAGGGCAGTTCTAAGCCGGATTATGTCCGCTGAGTGGGTCAC
GGTCCCGGATCGACGTTCTTGCGAAGCTGACCGATGTTTTTG 
hrpJ promoter, NT 
strand from -68 to 
+20 
SRW-3 ACATGAATGCGCAACAGCATGCGCGCCCAGGGCTGATCGTGCAAA
AGTCGTGCCAGCCGTCTG 
nifH promoter, T 
strand from 
-35 to +20 
SRW-3 
(-14/-13) 
ACATGAATGCGCAACAGCATGCGCGCCCAGGGCTGATCGTG*CAA
AAGTCGTGCCAGCCGTCTG 
nifH promoter, T 
strand from 
-35 to +20, 
thiolated at  
-14/-13 
SRW-3 
(-13/-12) 
ACATGAATGCGCAACAGCATGCGCGCCCAGGGCTGATCGT*GCAA
AAGTCGTGCCAGCCGTCTG 
nifH promoter, T 
strand from 
-35 to +20, 
thiolated at  
-13/-12 
SRW-3 
(-12/-11) 
ACATGAATGCGCAACAGCATGCGCGCCCAGGGCTGATCG*TGCAA
AAGTCGTGCCAGCCGTCTG 
nifH promoter, T 
strand from 
-35 to +20, 
thiolated at  
-12/-11 
SRW-3 
(-11/-10) 
ACATGAATGCGCAACAGCATGCGCGCCCAGGGCTGATC*GTGCAA
AAGTCGTGCCAGCCGTCTG 
nifH promoter, T 
strand from 
-35 to +20, 
thiolated at  
-11/-10 
SRW-3 
(-35/-34) 
ACATGAATGCGCAACAGCATGCGCGCCCAGGGCTGATCGTGCAAA
AGTCGTGCCAGCCGTCT*G 
nifH promoter, T 
strand from 
-35 to +20, 
thiolated at  
-35/-34 
SRW-8 CAGACGGCTGGCACGACTTTTGCACGATCAGCCCTGGGCGCGCAT
GCTGTTGCGCATTCATGT 
nifH promoter, NT 
strand from 
202 
 
-35 to +20 
SRW-8 
(-14/-13) 
CAGACGGCTGGCACGACTTTTG*CACGATCAGCCCTGGGCGCGCA
TGCTGTTGCGCATTCATGT 
nifH promoter, NT 
strand from 
-35 to +20, 
thiolated at  
-14/-13 
SRW-8 
(-13/-12) 
CAGACGGCTGGCACGACTTTTGC*ACGATCAGCCCTGGGCGCGCA
TGCTGTTGCGCATTCATGT 
nifH promoter, NT 
strand from 
-35 to +20, 
thiolated at  
-13/-12 
SRW-8 
(-12/-11) 
CAGACGGCTGGCACGACTTTTGCA*CGATCAGCCCTGGGCGCGCA
TGCTGTTGCGCATTCATGT 
nifH promoter, NT 
strand from 
-35 to +20, 
thiolated at  
-12/-11 
SRW-8 
(-11/-10) 
CAGACGGCTGGCACGACTTTTGCAC*GATCAGCCCTGGGCGCGCA
TGCTGTTGCGCATTCATGT 
nifH promoter, NT 
strand from 
-35 to +20, 
thiolated at  
-11/-10 
SRW-18 CAGACGGCTGGCACGACTTTTGCCAGATCAGCCCTGGGCGCGCAT
GCTGTTGCGCATTCATGT 
nifH promoter, NT 
strand from 
-35 to +20,  
mismatch at  
-12 and -11 
SRW-18 
(-14/-13) 
CAGACGGCTGGCACGACTTTTG*CCAGATCAGCCCTGGGCGCGCA
TGCTGTTGCGCATTCATGT 
nifH promoter, NT 
strand from 
-35 to +20, 
thiolated at  
-14/-13; mismatch 
at  
-12 and -11 
SRW-18 
(-13/-12) 
CAGACGGCTGGCACGACTTTTGC*CAGATCAGCCCTGGGCGCGCA
TGCTGTTGCGCATTCATGT 
nifH promoter, NT 
strand from 
-35 to +20, 
thiolated at  
-13/-12; mismatch 
203 
 
at  
-12 and -11 
SRW-18 
(-12/-11) 
CAGACGGCTGGCACGACTTTTGCC*AGATCAGCCCTGGGCGCGCA
TGCTGTTGCGCATTCATGT 
nifH promoter, NT 
strand from 
-35 to +20, 
thiolated at  
-12/-11; mismatch 
at  
-12 and -11 
SRW-18 
(-11/-10) 
CAGACGGCTGGCACGACTTTTGCCA*GATCAGCCCTGGGCGCGCA
TGCTGTTGCGCATTCATGT 
nifH promoter, NT 
strand from 
-35 to +20, 
thiolated at  
-11/-10; mismatch 
at  
-12 and -11 
SRW-18 
(-31/-30) 
CAGAC*GGCTGGCACGACTTTTGCCAGATCAGCCCTGGGCGCGCA
TGCTGTTGCGCATTCATGT 
nifH promoter, NT 
strand from 
-35 to +20, 
thiolated at  
-31/-30; mismatch 
at  
-12 and -11 
SRW-23 
(-12/-11) 
ACATGAATGCGCAACAGCATGCGCGCCCAGGGCTGATCT*GGCAA
AAGTCGTGCCAGCCGTCTG 
nifH promoter, T 
strand from 
-35 to +20, 
thiolated at  
-12/-11; mismatch 
at  
-12 and -11 
 
 
 
